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Abstract

Huntington’s disease (HD) is an inherited brain disorder characterized by progressive motor, cognitive, and be-
havioral dysfunctions. It is caused by abnormally large trinucleotide cytosine–adenine–guanine (CAG) repeat
expansions on exon 1 of the Huntingtin gene. CAG repeat length (CAG-RL) inversely correlates with an earlier
age of onset. Region-based studies have shown that HD gene mutation carrier (HDgmc) individuals (CAG-RL
‡36) present functional connectivity alterations in subcortical (SC) and default mode networks. In this analysis,
we expand on previous HD studies by investigating associations between CAG-RL and connectivity in the
whole brain, as well as between CAG-dependent connectivity and motor and cognitive performances. We
used group-independent component analysis on resting-state functional magnetic resonance imaging scans of
261 individuals (183 HDgmc and 78 healthy controls) from the PREDICT-HD study, to obtain whole-brain rest-
ing state networks (RSNs). Regression analysis was applied within and between RSNs connectivity (functional
network connectivity [FNC]) to identify CAG-RL associations. Connectivity within the putamen RSN is nega-
tively correlated with CAG-RL. The FNC between putamen and insula decreases with increasing CAG-RL, and
also shows significant associations with motor and cognitive measures. The FNC between calcarine and middle
frontal gyri increased with CAG-RL. In contrast, FNC in other visual (VIS) networks declined with increasing
CAG-RL. In addition to observed effects in SC areas known to be related to HD, our study identifies a strong
presence of alterations in VIS regions less commonly observed in previous reports and provides a step forward
in understanding FNC dysfunction in HDgmc.

Key words: CAG repeat length; group-independent component analysis; prodromal Huntington’s disease; resting-
state fMRI; within- and between-networks functional connectivity

Introduction

Huntington’s disease (HD) is a rare, neurodegenera-
tive, heritable disorder caused by a trinucleotide cyto-

sine–adenine–guanine (CAG) repeat expansion in exon 1
of the Huntington gene (HTT) (Paulsen et al., 2014), leading
to a mutant form of the Huntington protein (i.e., Huntingtin).
This devastating disorder is characterized by abnormal
movements, cognitive impairments, and psychiatric abnor-
malities (Paulsen et al., 2008, 2014). HD affects people
from different backgrounds and ethnicities worldwide with
prevalence estimates from 0.4 per 100,000 habitants to 5.7

per 100,000 habitants (Baig et al., 2016; Pringsheim et al.,
2012). A greater number of CAG repeats is associated with
earlier HD onset (Langbehn et al., 2010; Lee et al., 2012;
Torres Ramı́rez et al., 2006) and algorithms using CAG re-
peat length (CAG-RL) and age have been widely used to
stage the severity of prodromal HD (An et al., 2012; Ha
and Fung, 2012; Killoran et al., 2013; Langbehn et al.,
2010; Paulsen et al., 2008; Reilmann et al., 2014; Zhang
et al., 2010).

HD diagnosis is based on the presence of significant motor
abnormalities (primarily chorea). In general, HD gene muta-
tion carriers are undiagnosed and diagnosed individuals with
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CAG repeats ‡36. Premanifest HD states are stage as at risk
individuals with CAG mutation without symptoms or signs.
Prodromal HD states are individuals with CAG mutation pre-
senting symptoms or signs, but insufficient to reaching clin-
ical diagnosable levels (Misiura et al., 2017; Reilmann et al.,
2014). Manifest HD states are individuals with CAG muta-
tion showing significant involuntary movements to reach
clinical diagnoses. Healthy controls (HCs) are individuals
with Huntingtin gene without CAG mutation.

It has been shown that the premanifest and prodromal HD
states correlate with cognitive decline, psychiatric symp-
toms, and brain abnormalities that can be detected up to 15
years before diagnosis (Ha and Fung, 2012; Paulsen et al.,
2008; Ross et al., 2014).

Pathological studies have demonstrated that after diagno-
sis, HD progression is characterized by neuronal loss in the
caudate, putamen, and layers IV and V of the cortex (Halli-
day et al., 1998; Vonsattel et al., 1985); brain imaging studies
both pre- and postdiagnosis HD show volumetric reductions
in putamen, external globus pallidus, caudate nucleus, and
ventral midbrain in the region of the substantia nigra (Ayl-
ward et al., 2004; Buckner et al., 2008; Kipps et al., 2005;
van den Bogaard et al., 2011), as well as in the cerebral cortex
(Ciarochi et al., 2016; Rosas et al., 2008). Task performances
related to functional magnetic resonance imaging (fMRI) sug-
gest that activation abnormalities can be found before mani-
fest signs or symptoms appear (Kloppel et al., 2015; Paulsen
et al., 2004; Reading et al., 2004; Wolf et al., 2011).

Most recently, resting-state fMRI (rs-fMRI) measures
have gained interest to explore whole-brain functional con-
nectivity (FC). These measures of intrinsic FC may be sensi-
tive to progression of prodromal HD (Dogan et al., 2013;
Dumas et al., 2013; Harrington et al., 2015; Koenig et al.,
2014; Poudel et al., 2014; Werner et al., 2014). Specific find-
ings, however, vary across studies, partly due to the varying
participant samples studied and methods used. The finding of
reduced connectivity is common, particularly in subcortical
(SC) regions and motor areas (Aylward et al., 2004; van
den Bogaard et al., 2011; Wolf and Kloppel, 2013); however,
some findings indicating hyperconnectivity in HD or prodro-
mal HD have been found, suggesting compensatory relation-
ships (Kloppel et al., 2015; Wolf et al., 2012). Although
many studies utilized a seed-based approach, findings are
somewhat difficult to directly compare since connectivity
findings likely vary by seed location. The work by Quaran-
telli and associates (2013) and Wolf and colleagues (2011)
showed dysfunctions in the default mode network (DMN)
as well as reduced connectivity consistent with known dis-
ease atrophy in the basal ganglia and its connections
(Unschuld et al., 2012). A study by Harrington and col-
leagues (2015) used prodromal staging estimates to deter-
mine whether network abnormalities were associated with
the disease burden of HD in prodromal stages. Their results
confirmed a largely disease burden-dependent functional re-
organization of whole-brain networks in prodromal HD.
These findings showed a robust association, emphasizing the
value of ongoing research in this area. Consistent among all
studies is the potential sensitivity of the imaging methods to
elucidate unknown underlying pathways and to detect and
track HD trajectories in all stages.

To date, there is still need to identify and understand HD
structural and functional brain changes before phenotype

manifestation and after clinical diagnosis. By analyzing rs-
fMRI data, we can examine brain regions’ coactivations
without the bias of a task performance. In this study, our
aim was to expand on previous HD literature by unrestrict-
edly examining connectivity in the whole brain and its asso-
ciations with CAG-RLs. Our motivation for this study is to
identify all brain networks with brain alterations related to
CAG-RLs. Whole-brain connectivity was explored using a
large rs-fMRI sample from the PREDIT-HD study composed
of HD gene mutation carriers (HDgmc) and HC participants,
and the data-driven approach group-independent component
analysis (GICA) (Calhoun and Adali, 2012; Calhoun et al.,
2001). Whole-brain parcellation was obtained by GICA,
which provides spatially independent brain regions or resting-
state networks (RSNs) and their spatial maps and timecourses.
We first explore within network (voxel-wise) connectivity in a
given RSN. Next, we explore between-network connectivity
among all RSNs. Functional network connectivity (FNC)
measures the level of coactivation of RSN timecourses
( Jafri et al., 2008) and is estimated as the pairwise correlations
between two RSN timecourses. We examined CAG repeat ef-
fects on the connectivity within a given RSN and CAG repeat
effects on the FNC among all the RSNs. Finally, we investi-
gate any relationships between all significant FNC alterations
affected by CAG repeat and seven clinical HD measures that
evaluate motor and cognitive control (CC) performances. A
subset of the resting-state data has been previously analyzed
(48 prHD and 16 HCs) using graph-theory approach, identify-
ing the gradual loss of hub status in prHD (Harrington et al.,
2015).

Methods

Participants

In this study, we use a large rs-fMRI sample from the
PREDIT-HD study composed of HD gene mutation carriers
(HDgmc) and HCs. The PREDICT-HD study (Paulsen,
2010; Paulsen et al., 2008) is an international multicenter
longitudinal observational study focused on identifying HD
biological and refined clinical markers. Since 2001,
PREDICT-HD study has collected HDgmc participants who
had previously been tested for the presence of the CAG ex-
panded gene and were known to be at certain genetic risk
for HD (Paulsen et al., 2008), and matched HC participants.
PREDICT-HD participants data included repeated neuropsy-
chological testing, clinical measures, motor function, struc-
tural, and fMRI scanning. The PREDICT-HD study was
approved by all participating sites’ institutional review boards,
and all individuals provided written informed consent.

For the analysis, we selected each participant’s first avail-
able rs-fMRI scan. The data consisted of a total of 261 par-
ticipants (183 HDgmc [53 M/130 F] and 78 HCs [25 M/
53 F]). HDgmc participants were between the ages of 19
and 79 (mean age = 42.48 years and standard devia-
tion = 12.82 years) and HC individuals were between the
ages of 25 and 69 (mean age = 48.59 years and standard de-
viation = 11.35 years). Based on their CAG-RL, the partici-
pants can be divided into two groups, the HDgmc group
with CAG-RL ranging from 37 to 58 and the HC group
with CAG-RL ranging from 15 to 35. Twenty-three partici-
pants from the HDgmc group were diagnosed before or dur-
ing the scan’s visit. Table 1 displays a breakdown of the
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demographic and genetic information of the sample showing
significant group differences.

Clinical variables

Seven clinical variables assessing motor and cognitive
abilities (Huntington-Study-Group, 1996) were selected
from the PREDICT-HD data set (Misiura et al., 2017; Paul-
sen et al., 2014). The motor measure was total motor score
from the Unified Huntington’s Disease Rating Scale defined
as the sum of all individual motor abnormality ratings (ocu-
lomotor, bradykinesia, rigidity, dystonia, and chorea) with
higher scores indicating more severe motor impairments.
The cognitive measures were the symbol digit modalities
test raw score, the total raw scores from the color naming
task, word reading and interference conditions of the Stroop
color and word test, trail making test part A seconds to com-
pletion, and trail making test part B seconds to completion
(Table 1).

Data acquisition and imaging parameters

The PREDICT-HD study acquired rs-fMRI scans in seven
centers. All sites used identical Siemens Magnetom TrioTim
scanners running on Syngo MR B17 software. The acquisition
parameters were tuned by a magnetic resonance physicist at
The University of Iowa, and the protocol was distributed to
partner sites to ensure consistent acquisition across sites and
scanners. Before rs-fMRI data collection started, individuals
were asked to lie still, keep their eyes open, and not to fall
asleep. T2*-weighted functional gradient-echo echo-planar
images were acquired with the following parameters: voxel
size = 2.0 · 2.0 · 4.0 mm3; repetition time = 2800 msec; echo
time = 29 msec; flip angle (FA) = 80�; field of view = 256 · 256
mm2; matrix = 128 · 128, slice thickness = 4 mm, gap = 0 or
0.5 mm, and number of slices = 31 interleaved axial oblique.
Resting-state scans lasted 6 min, 15 sec (132 volumes).

Data preprocessing

The rs-fMRI data were preprocessed using SPM5 (www
.fil.ion.ucl.ac.uk/spm/). Volume alignment was performed

using INRIalign (http://sop.inria.fr/epidaure/Collaborations/
IRMf/INRIAlign.html), and slice-timing correction was set
to 31 slices using slice 15 as a reference frame. Next, the data
were spatially normalized to the Montreal Neurological
Institute (Friston, 1994) space, resliced to 3 mm · 3 mm · 3
mm voxels, and smoothed using a Gaussian kernel with a
full-width at half maximum of 6 mm. A group mask was
computed as the intersection of all individuals’ first time
point retaining voxels greater than the mean of the distri-
bution�0.6 times the standard deviation. We verified that no
participant exhibited severe motion on any of the six motion
parameters; most participants have maximum translation
values around 2 mm, and only two participants have their
maximum translation values between 2.5 and 4.5 mm. The
maximum rotation value was 0.02�. No participants were
removed due to severe movements.

GICA and postprocessing

We used group-level spatial ICA (GICA) to obtain whole-
brain parcellation into functional networks without the need
to select seed regions. Spatial ICA applied to rs-fMRI data
identifies RSNs; the spatial sources are spatial maps that
are maximally independent in their linearly mixed fMRI sig-
nals or timecourses. After removing the first four time points
from each participant’s scan to mitigate T1 relaxation effects,
GICA was applied to the aligned, smoothed, and normalized
data from all subjects as a group, using the GIFT tool-
box [http://mialab.mrn.org/software/gift (Calhoun et al.,
2001)]. The rs-fMRI data were compressed using two stages
of principal component analysis (PCA) (Rachakonda et al.,
2016). For the first data reduction, we retained 128 principal
components. For the second stage, to capture more ana-
tomical and functional brain regions (Allen et al., 2011;
Erhardt et al., 2011), 100 independent components (ICs)
were estimated using the expectation maximization al-
gorithm to avoid otherwise prohibitive memory require-
ments (Roweis, 1998). The Infomax ICA algorithm (Bell
and Sejnowski, 1995) was repeated 10 times in ICASSO
(www.cis.hut.fi/projects/ica/icasso) and aggregate spatial
maps were estimated as the modes of the component clusters.

Table 1. Demographic, Genetic, and Clinical Information for Huntington Disease Gene Mutation

Carriers and Healthy Control Participants

N HDgmc HCs p Value

Gender (F/M) 261 130/53 53/25
Age (years) 261 42.48 – 12.82, (19:79) 48.59 – 11.35, (25:62) 0.0003*
CAG-repeats 261 42.33 – 3.09, (37:58) 21.04 – 4.43, (15:35) 2.8495e-123*
Education 256 15.20 – 2.39, (10–20) 15.72 – 2.08, (12–20) 0.1036
Motor total 254 7.53 – 9.65, (0–54) 3.676 – 4.80, (0–30) 0.0012*
SDMT raw score 251 51.74 – 10.82, (20–84) 56.58 – 9.25, (21–78) 0.0008*
Stroop color 250 77.15 – 14.34, (31–112) 83.79 – 14.38, (36–137) 0.0009 *
Stroop interference 252 45.77 – 11.77, (16–76) 48.58 – 9.69, (20–70) 0.0695
Stroop word 252 97.19 – 19.49, (41–141) 104.08 – 16.77, (37–143) 0.0080*
TMTA 251 24.80 – 9.74, (11–57) 21.46 – 7.82, (10–69) 0.0095*
TMTB 252 58.09 – 27.68, (20–222) 52.74 – 24.52, (12–20) 0.1478

*Significant group differences, p < 0.05.
N, total number of participants; HDgmc, Huntington disease gene mutation carriers; HC, healthy control, mean – SD; SD, standard deviation,

range values (min:max); CAG, cytosine–adenine–guanine; TMTA, trail making test A; TMTB, trail making test part B; SDMT, symbol digit
modalities test.
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Participants-specific spatial maps and timecourses were es-
timated using the GICA1 back reconstruction method based
on PCA compression and projection (Calhoun et al., 2001;
Erhardt et al., 2011). Out of the 100 ICs (C = 100) that
were estimated, 46 ICs were identified as meaningful RSNs
by evaluating the high to low frequency power ratio in the
spectra of components in the RSN timecourse, and the lo-
cation of maxima in the spatial map (Allen et al., 2011; Meda
et al., 2008; Robinson et al., 2009). The other 54 ICs were
discarded from further analysis because they were consid-
ered to be related to artifacts, white matter, ventricular, or
cerebrospinal fluid spatial maps, or had irregular timecourse
spectra power.

Before computing whole-brain FC, the additional postpro-
cessing of RSN timecourses included linear, quadratic, and
cubic detrending, despiking using 3DDespike (Cox, 1996),
and filtering using a fifth-order Butterworth low-pass filter
with a high frequency cutoff of 0.15 Hz (Allen et al., 2011;
Cordes et al., 2001). For each participant, the FNC values
for each pair of the 46 RSNs were calculated as the Pearson’s
pairwise correlation between timecourses for that pair. A
total of 1035 [= 46 RSN · (46 RSNs� 1)/2] FNC pairs were
obtained.

RSN categorization

Based on their anatomical, functional properties, neurosynth
labeling (http://neurosynth.org/), and similarities to other RSNs
found on previous rs-fMRI studies (Allen et al., 2011, 2014;
Smith et al., 2009), the 46 RSNs were categorized into 8
functional domains: auditory (AUD), cerebellar (CB), CC,
default mode network (DMN), salience (SAL), SC, sensori-
motor (SM), and visual (VIS). Each of the 46 RSNs was de-
scribed based on where the strongest signal occurred.

The AUD networks are represented by three components
in the middle temporal gyrus (IC 56) and superior temporal
gyrus (ICs 75 and 100). The CB networks are represented
by two components in the cerebellum (ICs 8 and 27). The
CC networks are represented by seven components: middle
frontal gyrus (ICs 58 and 88), inferior frontal gyrus (60),
presupplementary motor area (ICs 66 and 84), and posterior
parietal cortex (ICs 82 and 99). The DMN is captured by 15
components: precuneus medial (ICs 11 and 39), medial pre-
frontal cortex (ICs 33, 71, and 73), temporal parietal junc-
tion (ICs 37, 72, and 81), posterior cingulate cortex (ICs 43,
55, and 90), precuneus (ICs 46 and 47), superior frontal
gyrus (IC 49), and angular gyrus (95). The SAL network
is represented by a single component insular cortex (IC
79). The SC networks are represented by two important
components in HD studies: putamen (IC 13) and thalamus
(IC 35). The SM networks are described by five compo-
nents postcentral gyrus (ICs 9, 15, and 36), supplementary
motor area (IC54), and supramarginal gyrus (IC 77). And,
the VIS networks were represented by 11 components: infe-
rior occipital gyrus (ICs 24, 26, and 76), calcarine lobule
(ICs 28 and 87), cuneus (IC 31), lingual gyrus (ICs 44
and 69), middle occipital gyrus (ICs 51 and 83), and fusi-
form gyrus (IC 70).

Statistical analyses

We used the multivariate analysis of covariance (MAN-
COVAN) toolbox within GIFT [http://mialab.mrn.org/

software/gift (Allen et al., 2011)] to find significant associ-
ations between the participant’s connectivity within and
between RSN and the covariates of interest: age, gender,
CAG-RL, age · CAG-RL, education, head translation, head
rotation, and sites. For each individual, the motion parame-
ters head translation and rotation were computed as the mean
of the sum of the absolute difference between time frames.
Age, CAG-RL, education, head translation, and head rota-
tion were treated as continuous variables, whereas gender
and the seven sites were treated as discrete variables. The
gender variable was coded as 1 for females and 0 for males.
Regression models considering all the covariates of interest
are referred to as the full models.

Within-network connectivity. Full regression models
were built for each of the 46 spatial maps with the covari-
ates of interest: age, gender, CAG repeat, age · CAG-RL,
education, head translation, head rotation, and sites as inde-
pendent variables and spatial maps voxel’s intensities as de-
pendent variables. Next, MANCOVAN provided a reduced
model obtained by backward elimination removing the in-
significant variables from the full model (Allen et al.,
2011). The age · CAG-RL interaction and education vari-
ables were dropped from the 46 full models. We report
on those that included the CAG-RL variable in their re-
duced models.

Between network connectivity. A full regression model
was built for the FNC values with the following covariates
of interest: age, gender, CAG-RL, age · CAG-RL, education,
head translation, head rotation, and sites as independent var-
iables and the 1035 FNCs pairs as the dependent variable.
Next, MANCOVAN provided a reduced model obtained
by backward elimination. The nonsignificant variables
age · CAG-RL interaction and education variables were drop-
ped from the full model. The FNC reduced model retained the
covariates age, gender, CAG-RL, head translation, head rota-
tion, and sites.

Multivariate analysis allows us to identify all important
covariates associated with the spatial maps and FNC values.
However, regression models with several covariates become
difficult to interpret. Therefore, we further explored within
and between RSNs connectivity performing univariate test-
ing, selecting one covariate of interest at a time and fixing
the other variables. Since we are interested in identifying
CAG repeat effects on whole-brain FC, linear relationships
between CAG repeats and the 46 spatial maps and 1035
FNC pairs values were tested. A correction for multiple com-
parisons was incorporated using the Matlab function mafdr
based on the Storey’s false discovery rate algorithm (Storey,
2002), using a significant adjusted alpha level of 0.05 to iden-
tify all the adjusted p values that survived false discovery
rate correction.

Finally, we investigated any associations between the
FNCs showing significant CAG effects and seven clinical
measures. Regression analysis was performed using the
cognitive and motor clinical measures (already listed). The
FNC pairs showing significant CAG effects were the main
covariates of interest, and age, gender, motion parameters,
and sites were also included as covariates in the seven
regression models.
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Results

Figure 1 shows the most representative voxels of the 46
spatial maps overlaid on a standard template, and plotted as
t-statistics thresholded at t > mean + 4 · standard deviation.

Within FNC results

At the voxel level, the univariate CAG repeat test results
(Fig. 2) show that a cluster of 85 voxels in the putamen spa-
tial map (IC13, SC network, out of a total of 59,642 voxels
per spatial map) survived false discovery rate correction. A
significant anticorrelation between the CAG-RL and the
putamen connectivity was obtained. All significant t and p
values are displayed in Figure 2. This significant result
shows a within network decrease in connectivity in the puta-
men as the number of CAG repeats increases. The covariates
CAG, age, gender, rotation, and sites were retained in the re-
duced regression model for the putamen spatial map.

Between FNC results

Figure 3 shows the FNC matrix computed as the Pearson’s
pairwise correlation between the timecourses of the 46 RSNs
averaged across individuals. From this figure we can observe
that the VIS domain is the only domain showing highly pos-
itive correlations between its RSNs. We also see evidence of
anticorrelation among some RSNs from the DMN and CC,
SM and VIS domains.

At the network level, we applied multivariate analysis to
the Fisher transformed FNC correlation values and the se-
lected covariates of interest. From the univariate CAG
test results shown in Figure 4, we observe mostly negative
(11) pairs compared with 1 positive pair of linear relation-
ships between CAG-RL and FNCs whose p values survived
false discovery rate correction thresholded at a significance
level of 0.05. These results imply that as the number of
CAG-RLs increases, the FNC between 11 RSNs pairs from
the SC, SAL, and VIS domains decreases. As the number
of CAG-RLs increases, the FNC between two RSNs from
the VIS and CC increases. The b and p values for the 12
pairs of RSNs are listed in Table 2. Figures 5 and 6 show
the scatter plots of two pairs of RSNs (1) putamen and insular
cortex and (2) calcarine lobule and middle frontal gyrus
showing negative, and positive relationships with the number
of CAG-repeats.

Since our sample includes HDgmc individuals in the re-
duced penetrance range [i.e., CAG-RL = 36–39 (McNeil
et al., 1997; Quarrell et al., 2007)], we also analyzed the
FNC correlation values by removing the HDgmc individuals
with <40 CAG-RLs. A total of 21 HDgmc (35 < CAG-repeat
<40) individuals were removed, leaving 162 HDgmc (40 £
CAG-repeat £58) and 78 HC individuals. By removing
HDgmc individuals in the reduced penetrance range, the
remaining sample data are divided into two well-separated
groups, HDgmc with full HD penetrance and HC individuals.

FIG. 1. Spatial maps of the 46 ICs identified as RSNs, grouped into 8 domains based on their anatomical and functional
properties: AUD, CB, CC, DMN, SAL, SC, SM, and VIS. All spatial maps are overlaid on a standard template and plotted
as t-statistics (t) thresholded at t > mean + 4 · standard deviation. RSN, resting state network; IC, independent component;
AUD, auditory; CB, cerebellar; CC, cognitive control; DMN, default mode network; SAL, salience; SC, subcortical; SM,
sensorimotor; VIS, visual. Color images available online at www.liebertpub.com/brain
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FIG. 3. Unthresholded FNC matrix, showing all pairwise correlations between RSNs timecourses averaged across subjects.
Positive correlations are in the yellow to red range, whereas negative correlations are light to dark blue. FNC, functional net-
work connectivity. Color images available online at www.liebertpub.com/brain

FIG. 2. Putamen RSN spatial map (IC 13), within-network functional connectivity, CAG-RL univariate test results. Voxels
in blue are those whose average intensity significantly decays as the number of CAG-RLs increases. Results are displayed
as �sign(t) · log10( p value), and only presenting the p values that survived FDR correction. CAG-RL, cytosine–adenine–
guanine repeat length; FDR, false discovery rate. Color images available online at www.liebertpub.com/brain
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Application of the multivariate regression and planned
follow-up univariate tests showed that findings were strength-
ened with removal of the participants with incomplete pen-
etrance. Results replicated previously identified negative
correlations between RSNs from SC, SAL, CC, and VIS do-

mains, and showed additional negative associations between
RSNs from CB, VIS, and SM domains and within RSNs from
the DMN and VIS domains. Figure 7 shows negative and
positive CAG effects on 17 pairs of RSNs; correlation values
from the DMN, SC, SAL, CB, SM, and VIS domains survived

FIG. 4. FNC pairs for the
CAG-RL univariate test re-
sults, blue curves show sig-
nificant negative correlations
between pairs of RSNs from
SC–SAL and VIS–VIS do-
mains and CAG-RL. Red
curve shows significant posi-
tive correlation between a
pair of RSNs from CC–VIS
domains. Results are dis-
played as �sign(t) · log10( p
value), and only presenting
the p values that survived
FDR correction. Color im-
ages available online at
www.liebertpub.com/brain

Table 2. List of Resting State Network Pairs Showing Cytosine–Adenine–Guanine Effects

RSN pairs ICs Domains b p Values b p Values

Posterior cingulate cortex and precuneus med 43-11 DMN–DMN �0.0068 0.5e-03
Putamen and insular cortex 13-79 SC–SAL �0.0052 0.7e-03 �0.0058 0.2e-03
Cuneus and postcentral gyrus 31-36 VIS–SM �0.0070 0.7e-03
Lingual gyrus and cuneus 44-31 VIS–VIS �0.0085 0.2e-03 �0.0082 0.3e-03
Lingual gyrus and cuneus 69-31 VIS–VIS �0.0088 0.4e-03 �0.0093 0.2e-03
Lingual gyrus and lingual gyrus 69-44 VIS–VIS �0.0096 0.1e-03 �0.0104 0.1e-03
Lingual gyrus and middle occipital gyrus 69-51 VIS–VIS �0.0071 0.1e-03 �0.0077 0.1e-03
Fusiform gyrus and lingual gyrus 70-44 VIS–VIS �0.0074 0.2e-03 �0.0079 0.1e-03
Fusiform gyrus and lingual gyrus 70-69 VIS–VIS �0.0073 0.6e-03 �0.0081 0.2e-03
Inferior occipital gyrus and cuneus 76-31 VIS–VIS �0.0080 0.3e-03 �0.0083 0.2e-03
Inferior occipital gyrus and middle occipital gyrus 76-51 VIS–VIS �0.0069 0.4e-03 �0.0068 0.6e-03
Inferior occipital gyrus and lingual gyrus 76-69 VIS–VIS �0.0083 0.1e-03 �0.0091 0.3e-04
Inferior occipital gyrus and fusiform gyrus 76-70 VIS–VIS �0.0084 0.1e-03 �0.0090 0.2e-04
Calcarine lobule and middle frontal gyrus 28-58 VIS–CC 0.0066 0.3e-03 0.0066 0.4e-03
Cuneus and cerebellum 31-27 VIS–CB 0.0083 0.7e-03
Lingual gyrus and angular gyrus 44-95 VIS–DMN 0.0046 0.9e-03
Lingual gyrus and cerebellum 69-75 VIS–CB 0.0065 0.1e-02

Columns 4 and 5 display b and FDR-corrected p values when considering all HC and HDgmc individuals with CAG, columns 6 and 7
display b and FDR-corrected p values when only considering all HC and HDgmc individuals with CAG repeat length ‡40.

RSN, resting state network; IC, independent component; FDR, false discovery rate; VIS, visual; DMN, default mode network; SAL,
salience; SC, subcortical; CC, cognitive control; CB, cerebellar.
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FDR correction. These results imply that as CAG-RL in-
creases, FNC decreases between 13 pairs of RSNs. Con-
versely, as CAG-RL increases, the FNC between four pairs
of RSNs increases (Table 2). Findings successfully detected
FNC differences between HC and HDgmc individuals with
40 or more CAG-repeats. Results may suggest that weakened
connectivity is more pronounced in individuals in the full pen-
etrance range (McNeil et al., 1997; Quarrell et al., 2007).

Relationship with neuropsychological measures

Tables 3 and 4 display a summary of the 12 FNC pairs b
and p values from the linear regression. The signs of the b

values indicate the direction of the linear relationships be-
tween the 12 FNC pairs and the clinical variables. From
these results we can observe significant positive and negative
associations between 8 of the 12 FNC pairs and the 7 clinical
measures. FNC pairs showing negative associations with the
motor and cognitive scores indicate that as FNC decreases,
clinical correlates worsen, as higher scores on those tests
indicate greater impairment. Similarly, FNC pairs showing
positive associations with the clinical measures indicate
that as FNC increases, cognitive performances also improve.
The FNC pair putamen–insular cortex was the only pair
showing associations with all of the motor and cognitive
measures.

FIG. 5. CAG effects, FNC between the
putamen (IC13) and insular cortex (IC79)
versus CAG-RL. The data points are in black
circles and best regression fit is indicated by
the blue line. Color images available online
at www.liebertpub.com/brain

FIG. 6. CAG effects, FNC between
calcarine lobule (IC28) middle frontal gyrus
(IC58) versus CAG-RL. The data points are in
black circles and best regression fit is indi-
cated by the blue line. Color images available
online at www.liebertpub.com/brain
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Discussion

Findings from this whole-brain analysis, using a data-
driven approach and a large rs-fMRI data set including HD
gene mutation carriers and HC individuals, showed multiple
robust RSN abnormalities. Consistent with known volumetric

and pathological research, the within network connectivity
in the putamen was largely reduced in HDgmc and the func-
tional connectivities between the putamen and other networks
were similarly aberrant. The identified reduced connectiv-
ity between the putamen and the anterior insular cortex
RSNs from the cortical and SAL domains is consistent with

FIG. 7. FNC pairs for the
CAG-RL univariate test re-
sults [subsample, HC (15 £
CAG-RL £ 35) and HDgmc
(40 £ CAG-repeat £ 58)], blue
curves show significant neg-
ative correlations between
pairs of RSNs from SC–SAL
and VIS–VIS domains and
number of CAG repeats. Red
curve shows significant posi-
tive correlation between a
pair of RSN from CC–VIS
domains. Results are dis-
played as �sign(t) · log10( p
value), and only presenting
the p values that survived
FDR correction. CAG-RL,
CAG repeat length; HCs,
healthy controls; HDgmc,
Huntington disease gene mu-
tation carriers. Color images
available online at www
.liebertpub.com/brain

Table 3. Regression Model of Functional Network Connectivity Measures Against Clinical Variables

b Values
Motor
total

SDMT
raw score

Stroop
color

Stroop
interference

Stroop
word TMTA TMTB

PUT-SAL (IC13-IC79) �8.5551* 12.7881* 14.2768* 7.9351* 18.0495* �8.6295* �22.1525*
CL-MFG (IC28-IC58) �1.6353 �1.9635 4.0175 2.6179 2.3895 2.1512 �0.9772
LG-CUN (IC44-IC31) �1.6258 7.1899* 7.5365* 5.2879* 9.4050* �5.9208* �15.9820*
LG-CUN (IC69-IC31) �1.0621 3.0239 3.0295 2.3755 3.4514 �3.1940 �3.8722
LG-LG (IC69-IC44) �0.8166 2.2792 2.4269 1.0300 4.6044 �3.4466* �5.9391
LG-MOG (IC69-IC51) �3.2192 4.9289 6.2551 5.3194 6.7466 �3.9303 �8.6091
FFG-LG (IC70-IC44) �4.5853* 8.2284* 7.2251* 4.8544 11.4753* �5.5388* �14.3846*
FFG-LG (IC70-IC69) �4.9955* 7.0897* 6.5760 5.3009* 8.3072 �6.1042* �16.0205*
IOG-CUN (IC76-IC31) �2.3820 5.9267* 6.0445 5.7123* 2.8964 �3.9717* �10.1489
IOG-MOG (IC76-IC51) �4.1871* 7.1561 8.8066 8.0540 11.2357 �7.0222* �19.6900*
IOG-LG (IC76-IC69) �2.1169 4.3739 5.0721 3.7829 4.0027 �4.5592* �8.8428
IOG-FFG (IC76-IC70) �2.5963 5.6224* 5.0340 3.5055 4.4640 �2.1396 �3.7288

*p Values that passed a significance level of 0.05 using FDR correction. Putamen (PUT, IC13), salience (SAL, IC79), calcarine lobule
(CL, IC28), middle frontal gyrus (MFG, IC58), lingual gyrus (LG, ICs 44, 69), cuneus (CUN, IC31), middle occipital gyrus (MOG,
IC51), fusiform gyrus (FFG, IC70), and inferior occipital gyrus (IOG, IC76).
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previous publications (Harrington et al., 2015; McColgan
et al., 2015). One of the most frequently cited psychiatric
changes in HDgmc is apathy or lack of motivation to act
(Krishnamoorthy and Craufurd, 2011; Rosenblatt and Leroi,
2000). The SAL network (Seeley et al., 2009), with its rich
connections between the anterior insular and limbic system,
may be reflective of this observation. Such network abnor-
malities in prodromal HD may also be associated with deficits
in proprioception or awareness of bodily perceptions as well
as the inability of persons with prodromal HD to select the
most relevant or important aspect of work or social demands
(Brossman et al., 2012). Additional studies can determine
whether network abnormalities of the putamen and insula
may be relevant for those prodromal individuals with apathy
that impacts quality of life (Uddin, 2015). The decline in FNC
between the occipital gyrus and the fusiform gyrus finding is
also consistent with previous results (Dogan et al., 2013;
McColgan et al., 2015). This pair of RSNs has been impli-
cated in the differentiation of familiar faces from new faces
(Rossion et al., 2003). One of the tasks most sensitive to defi-
ciencies across both the PREDICT-HD and TRACK-HD
studies is emotion recognition, which requires the detailed ex-
amination of facial expression denoting feelings in others.
Despite excellent research designed to enhance understanding
of emotion recognition abnormalities in prodromal HD (Hen-
ley et al., 2012; Novak et al., 2012; van Asselen et al., 2012),
further study of network circuitry and its dependence on the
complexities of emotional intelligence is critical for many
neurological and psychiatric diseases and disorders.

When removing HDgmc participants with CAG-RL in
the intermediate penetrance range (dividing the sample
data into two well-separated HDgmc and HC groups), nega-
tive and positive correlations with CAG-RL were identified
in a pair of RSNs from the DMN and a pair of RSNs from
the DMN and VIS networks. Findings regarding the DMN
in prodromal HD studies have been mixed (Dumas et al.,
2013; Koenig et al., 2014; Quarantelli et al., 2013; Werner
et al., 2014). Our findings suggest that brain abnormalities

in participants with reduced penetrance CAG alleles may
alter research outcomes; this may help understand previ-
ous mixed results. Alternatively, Harrington and associates
(2015) suggest that network topology disturbances appear
to be related to network disorganization rather than reduced
connectivity. This hypothesis remains to be tested. Most
notably, both publications of connectivity in prodromal
HD using rich club and network analyses show findings
addressing both global efficiency and network-based statis-
tics, demonstrating that an integration of approaches may
be preferable to fully understand the abnormality of con-
nectivity before HD manifestation.

The limitations of this study are scans were acquired with
slightly anisotropic resolution (2 mm · 2 mm · 4 mm) to fol-
low existent protocols and to make them compatible with
older scans. The scans were also preprocessed using an
older SPM version, SPM5. We have verified that the process-
ing steps used in this analysis are robust and quite similar to
the output from the current SPM version, SPM12. Another
limitation is the assumption that FC among networks is con-
sistent throughout the whole scan period. In future work, we
plan to look at time-varying or dynamic connectivity, which
may provide additional FC information (Calhoun et al.,
2014). In particular, we hypothesize that time-dependent in-
teractions among networks may have been buried and conse-
quently not captured by our static correlation analysis.

Conclusions

This whole-brain connectivity analysis of rs-fMRI data
captured CAG-RL associations with intra- and internetwork
connectivity among Huntington disease gene mutation car-
rier (HDgmc) and HC individuals. Significant correlations
between CAG-RL and FC from SC, SAL, CC, and VIS do-
mains were identified. In particular, our results complement
previously identified putamen degradation. An important
contribution, the identified CAG-RL-dependent reduced
connectivity between putamen and insular cortex, and its

Table 4. Beta P Values from Table 3

b p Values

Motor
total

SDMT
raw score

Stroop
color

Stroop
interference

Stroop
word TMTA TMTB

PUT-SAL (IC13-IC79) 0.0002* 3.27E-06* 0.0003* 0.0082* 0.0003* 0.0005* 0.0019*
CL-MFG (IC28-IC58) 0.3945 0.4116 0.2409 0.3107 0.5834 0.3117 0.8735
LG-CUN (IC44-IC31) 0.2981 0.0001* 0.0055* 0.0098* 0.0064* 0.0004* 0.0011*
LG-CUN (IC69-IC31) 0.4555 0.0772 0.2197 0.2001 0.2697 0.0355 0.3797
LG-LG (IC69-IC44) 0.5520 0.1717 0.3121 0.5670 0.1282 0.0196* 0.1663
LG-MOG (IC69-IC51) 0.0775 0.0247 0.0462 0.0239 0.0899 0.0443 0.1273
FFG-LG (IC70-IC44) 0.0082* 9.39E-05* 0.0174* 0.0337 0.0028* 0.0033* 0.0082*
FFG-LG (IC70-IC69) 0.0025* 0.0004* 0.0236 0.0154* 0.0244 0.0007* 0.0022*
IOG-CUN (IC76-IC31) 0.1279 0.0018* 0.0272 0.0054* 0.4062 0.0190* 0.0384
IOG-MOG (IC76-IC51) 0.0206* 0.0012 0.0060 0.0008 0.0056 0.0003* 0.0005*
IOG-LG (IC76-IC69) 0.1996 0.0294 0.0782 0.0805 0.2736 0.0106* 0.0868
IOG-FFG (IC76-IC70) 0.1223 0.0057* 0.0840 0.1094 0.2271 0.2394 0.4787

*All the p values that passed FDR correction using a 0.05 significant level are marked with an asterisk. Putamen (PUT, IC13), salience
(SAL, IC79), carcarine lobule (CL, IC28), middle frontal gyrus (MFG, IC58), lingual gyrus (LG, ICs 44, 69), cuneus (CUN, IC31), middle
occipital gyrus (MOG, IC51), fusiform gyrus (FFG, IC70), and inferior occipital gyrus (IOG, IC76).
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association with motor and cognitive performance could re-
flect an HD FNC abnormality measure.

In summary, the results from the characterization of FNC
changes in individuals with CAG mutation suggest that much
can be learned from ongoing study in this area. Application
of these methods will be essential to improving anatomical
and functional correlates of the earliest HD manifestations.
The RSNs identified by GICA as well as those captured in
seed-based studies might be used to develop a composite
of RSNs that can facilitate comparisons across HD studies.
Consistency across studies is critical for ensuring that stages
of HD are considered in every research study to provide char-
acterization of the earliest changes associated with HD. Our
future work will focus on exploring differences between
time-varying FC among HDgmc and HC individuals.
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