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Functional Connectivity of Primary Motor Cortex
Is Dependent on Genetic Burden in Prodromal

Huntington Disease

Katherine A. Koenig,1 Mark J. Lowe,1 Deborah L. Harrington,2,3 Jian Lin,1 Sally Durgerian,4

Lyla Mourany,5 Jane S. Paulsen,6 and Stephen M. Rao,5 and the PREDICT-HD Investigators
of the Huntington Study Group

Abstract

Subtle changes in motor function have been observed in individuals with prodromal Huntington disease (prHD),
but the underlying neural mechanisms are not well understood nor is the cumulative effect of the disease (disease
burden) on functional connectivity. The present study examined the resting-state functional magnetic resonance
imaging (rs-fMRI) connectivity of the primary motor cortex (M1) in 16 gene-negative (NEG) controls and 48
gene-positive prHD participants with various levels of disease burden. The results showed that the strength of
the left M1 connectivity with the ipsilateral M1 and somatosensory areas decreased as disease burden increased
and correlated with motor symptoms. Weakened M1 connectivity within the motor areas was also associated with
abnormalities in long-range connections that evolved with disease burden. In this study, M1 connectivity was de-
creased with visual centers (bilateral cuneus), but increased with a hub of the default mode network (DMN; pos-
terior cingulate cortex). Changes in connectivity measures were associated with worse performance on measures
of cognitive–motor functioning. Short- and long-range functional connectivity disturbances were also associated
with volume loss in the basal ganglia, suggesting that weakened M1 connectivity is partly a manifestation of stria-
tal atrophy. Altogether, the results indicate that the prodromal phase of HD is associated with abnormal interhemi-
spheric interactions among motor areas and disturbances in the connectivity of M1 with visual centers and the
DMN. These changes may, respectively, contribute to increased motor symptoms, visuomotor integration prob-
lems, and deficits in the executive control of movement as individuals approach a manifest diagnosis.

Key words: functional connectivity; Huntington disease; motor cortex; motor system; seed voxel analysis

Introduction

Huntington disease (HD) is an inherited neurodegen-
erative disorder caused by a cytosine-adenine-guanine

(CAG) trinucleotide expansion on chromosome 4. Larger
CAG expansions are associated with earlier disease onset,
as diagnosed by the presence of motor symptoms that are un-
equivocal signs of HD (Duyao et al., 1993). Individuals who
meet the genetic criteria for HD, but do not yet show unequiv-
ocal motor signs (HSG, 1996), are in the prodromal phase
(prHD). Multiple studies have reported subtle motor, cogni-
tive, and psychiatric symptoms, corticostriatal atrophy, and

altered activation of various brain regions, which often prog-
ress as individuals approach a diagnosis (Aylward et al., 2004;
Harrington et al., 2012; Nopoulos et al., 2010; Paulsen et al.,
2004, 2008, 2010; Rao et al., 2014; Rosas et al., 2005; Stout
et al., 2011; Wolf et al., 2007).

Subtle motor symptoms during the prodromal stage (ocular
motor, chorea, bradykinesia, dystonia, and rigidity) are of con-
siderable interest as the total motor symptom score on the Uni-
fied Huntington’s Disease Rating Scale (UHDRS) is the most
sensitive marker of disease progression, following striatal atro-
phy (Long et al., 2014; Paulsen et al., 2014). The performance
on cognitive tasks that contain a significant motor component
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(e.g., movement sequencing, motor timing, circle tracing, anti-
saccades) also declines as proximity to diagnosis nears (Anto-
niades et al., 2010; Georgiou-Karistianis et al., 2014; Hinton
et al., 2007; Kirkwood et al., 1999; Paulsen et al., 2004;
Rowe et al., 2010; Say et al., 2011; Scahill et al., 2013). A
key component of the motor network, the precentral gyrus,
has emerged as a region of interest (ROI), owing to the struc-
tural and functional changes in prHD that are often associated
with motor dysfunction. In manifest HD, cell loss in the precen-
tral gyrus is related to measures of motor dysfunction (Thu
et al., 2010). Early HD and prHD participants show a loss
in precentral gyrus gray matter, which is related to tongue
force variability (Scahill et al., 2013), and greater disturbances
in white matter tracks underlying the precentral gyrus are asso-
ciated with an earlier estimated time-to-onset (Dumas et al.,
2012). Functional changes in the precentral gyrus during the
performance of timed movements have also been reported in
individuals far from a manifest diagnosis, despite an absence
of deficits in task performance (Zimbelman et al., 2007).

Given the propensity for structural and functional changes
in the motor system during the prodromal disease stage, it is
desirable to obtain more precise measures of the intrinsic or-
ganization of motor areas as a function of genetic burden.
Blood oxygen level-dependent resting-state functional mag-
netic resonance imaging (rs-fMRI) has been used to examine
functional connectivity patterns in healthy adults and in vari-
ous diseases. Network-based approaches using independent
component analysis have measured the spatiotemporal dy-
namics of synchronization within sensorimotor resting-state
networks in HD. In manifest HD, resting-state connectivity
within the motor network increased as motor symptoms in-
creased (Werner et al., 2014). In prHD, decreased synchroni-
zation within the sensorimotor system, localized to the primary
motor area (M1), was found in one study (Poudel et al., 2014),
but not another (Dumas et al., 2013). Other studies have
reported weakened connectivity of M1 and/or premotor areas
with classic motor areas (caudate) (Unschuld et al., 2012b)
and the medial visual network (Dumas et al., 2013).

Discrepant findings among studies may relate to the use of
different analytic techniques. However, even when studies
use similar methods, considerable heterogeneity may be in-
troduced when including prHD individuals with different de-
grees of genetic burden. Previous studies using task-activated
and rs-fMRI have demonstrated that functional abnormalities
partly depend on genetic burden (Paulsen et al., 2004; Rao
et al., 2014; Wolf et al., 2008; Zimbelman et al., 2007). The cur-
rent study used a seed-based approach to investigate whole-
brain resting-state connectivity of the left M1 in 48 prHD
participants, stratified into three groups based on genetic bur-
den, and 16 gene-negative controls. The seed for the left M1
was derived from a task-activated fMRI study of paced tapping
with the right index finger. The authors examined the relation-
ship between M1 connectivity and genetic burden, motor and
cognitive symptoms, and striatal atrophy. They hypothesized
that the patterns of rs-fMRI connectivity would evolve with in-
creasing genetic burden.

Materials and Methods

Sample

Data were collected at two PREDICT-HD sites, the Cleve-
land Clinic and the University of Iowa. The ethics commit-

tees at both sites approved the study procedures, which
were performed in accordance with ethical guidelines in
the 1964 Declaration of Helsinki. Participants provided writ-
ten informed consent and completed genetic testing for the
CAG expansion before and independent from entry into
PREDICT-HD. Confirmatory DNA testing was conducted
on all participants by PREDICT-HD. A certified examiner
performed the UHDRS (HSG, 1996), which contains 31
items that assess chorea, bradykinesia, rigidity, dystonia,
and oculomotor function on a five-point scale (0 = normal;
4 = greatest impairment). The total motor score (TMS) is
the sum of these items. Examiners rated their confidence
level that participant’s signs were an indication of HD, and
participants were excluded if they had a diagnostic confidence
level = 4 ( ‡ 99% confidence of unequivocal signs of HD) at
the time of entry into the study. Additional exclusion criteria
included clinical evidence of unstable medical or psychiatric
illness, use of prescription antipsychotic medications within
the past 6 months, use of phenothiazine-derivative antiemetic
medications more than three times per month, alcohol or drug
abuse within the past year, learning or developmental disabil-
ity, history of another neurological condition, or an inability to
undergo MRI scanning.

Participants were selected from a larger dataset that had
been screened for motion using visual inspection of the rs-
fMRI time series and subsequent correlation maps. Inspec-
tion included assessment of head movements during the
time series and potential motion-related artifacts such as
rings of correlation around the outside of the head, correla-
tion in the ventricles, and rapid correlation pattern changes
from slice to slice. Thirty-two healthy gene-negative controls
(NEG group) and 52 prHD participants with useable rs-fMRI
scans were identified. Control participants had a parent with
HD, but did not have the expanded CAG gene. The CAG-age
product (CAP) score was used to stratify prHD participants
based on their 5-year probability of a diagnosis. The CAP
score is a proxy for time to diagnosis (Zhang et al., 2011)
and is computed as follows:

CAP = (age at time of scanning) · (CAG repeat length�
33.66)

Cutoffs for the three CAP groups were based on an optimi-
zation algorithm using the PREDICT-HD participants in the
larger cohort (n > 1,000). The 5-year probability of diagnosis
was < 0.67 in the low group (LOW), 0.67–0.85 in the me-
dium group (MED), and > 0.85 in the high group (HIGH).
Of the 52 prHD participants, 16 were included in the LOW
group, 17 in the MED group, and 19 in the HIGH group.

The final sample was selected to minimize group differ-
ences in age while keeping the sample size equal. All 16 par-
ticipants were included in the LOW group. An analysis of
variance (ANOVA) showed that the 32 gene-negative controls
and the participants in the HIGH group were significantly older
than both the LOW and MED groups ( p < 3 · 10�7). To min-
imize age differences, the youngest participant was excluded
from the MED group, the 3 oldest subjects were excluded
from the HIGH group, and the 16 oldest subjects were ex-
cluded from the NEG group.

Cognitive measures

Participants were administered tests of cognitive-motor
functioning, including the Trail Making Test (Parts A and
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B; time to completion), a measure of cognitive flexibility
(Reitan, 1958), the Stroop Color-Word Interference task
(Golden and Freshwater, 2002), the Symbol Digit Modalities
Task (SDMT) (Smith, 1991), and the time reproduction task
(TRT), a measure of temporal processing (Rao et al., 1997).
For the TRT, the subject tapped with his or her right index
finger in synchrony to a tone at fixed pace of 600 msec for
24 sec, after which tapping continued at the same pace with-
out the tone for another 24 sec. The reciprocal of SD of the
intertrial interval was the measure of timing precision.

MR imaging

At both sites, participants were scanned using a 12-chan-
nel receive-only head coil on a Siemens TIM Trio 3T MRI
scanner. Site comparability was ensured through comparison
of phantom data acquired throughout the duration of the
study. The protocol included the following scans: (1) A
whole-brain T1 MPRAGE: 240 coronal slices; thickness
1 mm; FOV 256 · 240 mm; TI/TE/TR/flip angle, 900/3.04/
2530 msec/10�; matrix 256 · 128; BW 220 kHz, voxel size =
1 · 1 · 1 mm. (2) A TRT: two runs of 145 repetitions, thirty-
one 4.5-mm-thick axial slices (no gap); matrix 128 · 128; in-
plane resolution 2 · 2 mm; TE/TR/flip angle, 29/2800 msec/80�;
FOV 256 · 256 mm; BW 1954 Hz/pixel. (3) A whole-brain
rs-fMRI study, with eyes closed: 132 repetitions, thirty-one
4.5-mm-thick axial slices (no gap); matrix 128 · 128; in-
plane resolution 2 · 2 mm; TE/TR/flip angle, 29/2800 msec/
80�; FOV 256 · 256 mm; BW 1954 Hz/pixel.

Image postprocessing

Postprocessing of the rs-fMRI data included the removal
of the first four volumes of the time series. Physiologic noise
was estimated using PESTICA (Beall and Lowe, 2007) and
was regressed out at the voxel level using RETROICOR (Glo-
ver et al., 2000). The AFNI program 3dvolreg was used to ret-
rospectively correct volumetric-level motion (Cox, 1996).
Signal fluctuations corresponding to voxel-level displacement
were identified using the output from 3dvolreg and regressed
(Bullmore et al., 1999). The data were spatially filtered using
a Hamming filter (Lowe and Sorenson, 1997), fluctuations
above 0.08 Hz were removed, and the data were smoothed
using a 6 mm kernel (Cox, 1996). Postprocessing of the TRT
fMRI data included the removal of the first 4 volumes of the
time series. The remaining volumes were time shifted, motion
corrected, and spatially filtered. The two runs were combined,
and the AFNI program 3dDeconvolve was used to perform
a deconvolution analysis (Cox, 1996). The TRT task has
two conditions, synchronization and continuation, set up in a
block design. Student’s t maps were calculated for each condi-
tion and converted to z-scores. Both functional scans were
aligned to the anatomical volume using the AFNI program
align_epi_anat.py (Saad et al., 2009).

Volumetric analysis

To assess the impact of structural brain changes, the total
white matter volume, total cortical and subcortical gray mat-
ter volume, and the volumes of the bilateral caudate, thala-
mus, globus pallidus, and putamen were estimated using
the MPRAGE in Freesurfer (Freesurfer, 2011). Freesurfer
was also used to estimate cortical thickness at each of the re-

gions included in the rs-fMRI analysis described below. To
correct for variations in head size, volumetric measures
were divided by the intracranial volume and then multiplied
by 100. Group differences in measures of volume and corti-
cal thickness were tested using an analysis of covariance
(ANCOVA), with age as a covariate. The false discovery
rate (FDR) was used to adjust for multiple comparisons.
Post hoc pairwise comparisons between the NEG group
and each prHD group used Tukey’s honestly significant dif-
ference criterion.

Seed selection and rs-fMRI analysis

The synchronization condition of the TRT was used to
guide selection of the seed for the rs-fMRI analysis. Individ-
ual activation maps were transferred to common space using
an affine transformation to the Talairach template (Cox,
1996). Average activation during the synchronization condi-
tion was calculated for all gene-negative participants and
thresholded at p = 1 · 10�4 with a cluster size of 230. A man-
ually drawn ROI was placed at the region of peak activation
in left M1 (centered at [�35 �24 51]) and transferred from
common space to the original rs-fMRI space for each partic-
ipant (Fig. 1).

A large seed ROI transferred from common space will
often capture voxels unrelated to the ROI. To ensure the
resulting ROIs would reflect motor connectivity, each dataset
was individually checked using the AFNI tool InstaCorr
(Cox and Saad, 2010). This tool can be used to instanta-
neously create individual rs-fMRI maps based on a given
seed voxel. For each participant, InstaCorr was used to man-
ually select the left M1 voxel within the TRT-activated ROI
that had the highest correlation with traditional motor re-
gions, including the supplementary motor area (SMA) and
the right M1. A nine-voxel in-plane ROI was centered at
that voxel and served as the seed voxel for the rs-fMRI anal-
ysis. For each dataset, a resting-state reference time series
was produced by taking the linearly detrended average
time series of the nine-voxel left M1 ROI. For the whole
brain, a cross correlation was calculated between the linearly
detrended resting-state time series of each voxel and the ref-
erence time series (MATLAB, 2012). The correlation was
converted to a Student’s t, and the distribution was normal-
ized to unit variance and zero mean (Lowe et al., 1998).
The result is a whole-brain z-scored connectivity map that in-
dicates the strength of left M1 connectivity with other brain
regions.

To investigate differences in rs-fMRI within the primary
motor network, regions that were significantly related to
the left M1 were compared across the LOW, MED, HIGH,
and NEG groups. Within each group, individual connectivity
maps were transferred to Talairach space and averaged (Fig.
1). The four resulting group maps were thresholded at
p = 1 · 10�4 with a cluster size of 230 and added to create
a disjunction mask, so that a region showing significant con-
nectivity to the left M1 in any one of the groups was included
in the mask. Spheres of 6 mm were placed in each region at
the point of peak connectivity to the left M1 (Fig. 2). This
disjunction mask represented all regions that showed signif-
icant connectivity to left M1.

To assess group differences, the disjunction mask was
transferred to rs-fMRI space for each subject. For a given
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ROI, mean connectivity within the ROI was calculated.
Group differences in mean connectivity were tested using
an ANCOVA, with age as a covariate. Age-adjusted partial
correlations were used to examine the relationship between
mean connectivity within each ROI and disease burden
(measured by CAP score) and motor symptoms (TMS from
the UHDRS) in the 48 gene-positive participants. To assess
the relationship between measures of connectivity and be-
havioral measures, correlations tested for associations be-

tween age-adjusted mean connectivity in ROIs that showed
significant group differences or significantly correlated
with the CAP score and age- and education-adjusted residual
scores on the Trail Making Test (Trails B, Trails B-A), the
TRT task (timing precision), the Stroop test (Stroop Color,
Stroop Interference), and the SDMT (total number correct).
The FDR was used as a control for multiple comparisons.

An additional analysis was conducted to more fully inves-
tigate the relationship between M1 connectivity and disease

FIG. 1. Group-averaged rs-fMRI
maps of left M1. Regions mapped
in color show significant
functional connectivity to left M1
(z-score*100, p < 1 · 10�4, cluster
size 230). The TRT-activated left
M1 ROI is represented on each
group map in blue.

FIG. 2. Upper panel: Red and purple regions demonstrate significant connectivity with the left M1 (shown in blue). Signifi-
cant group differences were found in the strength of connectivity with regions shown in purple, namely the right cuneus, pre-
central gyrus, and postcentral gyrus. Lower panel: Bar graphs display the mean (standard error) age-adjusted z-scores in the
three regions for which a significant main effect of group was found. Horizontal brackets indicate significant post-hoc pairwise
group differences.
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burden, focusing on the 48 gene-positive participants and
used CAP score as a continuous measure of disease burden.
For this voxelwise analysis, the left M1 whole-brain connec-
tivity maps of the 48 gene-positive participants were trans-
ferred to common space. The strength of connectivity at a
given voxel for the 48 prHD participants was entered into
a partial correlation with CAP, using age as a covariate.
The result was a whole-brain voxelwise map showing the re-
lationship between the CAP score and the strength of re-
gional connectivity with left M1.

Results

Demographics and behavioral data

Table 1 details group comparisons of demographic, dis-
ease characteristics, and behavioral variables. Group com-
parisons for continuous variables were conducted using an
ANOVA, followed by post hoc comparisons using Tukey’s
honestly significant difference criterion. Categorical variables
were evaluated using a chi-square test. The LOW group was

significantly younger than both the NEG and HIGH groups
( p < 0.002). Differences in age among the gene-positive
groups were expected, as the groups were created using the
CAP score, a variable partially determined by age. The
HIGH group was slightly less educated than the NEG group
( p = 0.047) and showed significantly more motor symptoms
on the UHDRS than all other groups ( p < 0.001). Sex and
scanning location did not show group differences.

The neuropsychological performance was tested using
ANCOVAs with age and education as covariates. The
HIGH group performed more poorly on Trails and Stroop
measures ( p < 0.006), showed greater variability in timing
precision ( p = 0.011), and a score lower on the SDMT
( p = 0.002).

Volumetric analysis

Table 2 shows the results of the volumetric analysis. An
age-corrected ANCOVA showed decreased bilateral puta-
men volumes in the HIGH and MED groups as compared

Table 1. Mean (Standard Deviation) of Demographics, Disease Characteristics,

and Behavioral Measures for the Negative, Low, Medium, and High Groups

NEG LOW MED HIGH
n = 16 n = 16 n = 16 n = 16 p Post hocs

Demographics
Age (years) 42.9 (9.2) 32.9 (9.2) 39.9 (9.7) 47.6 (12.6) 0.002 Low < Neg, High
Education (years) 16.0 (1.9) 14.4 (2.2) 15.3 (2.5) 13.9 (2.4) 0.047 High < Neg
Sex (% male) 4 (25) 1 (6.3) 5 (31.3) 2 (12.5) 0.251
Location scanned (CC/UI) 4/12 7/9 10/6 7/9 0.206

Disease characteristics
CAG — 41.8 (1.9) 42.6 (2.6) 43.6 (3.2) 0.138
CAP score — 251.9 (30.2) 332.3 (18.5) 439.0 (45.5) < 0.001 Low < Med < High
UHDRS motor score 5.1 (4.5) 3.5 (3.8) 4.9 (4.4) 13.4 (7.8) < 0.001 Neg, Low, Med < High

Behavioral measures
SDMT 61.0 (9.8) 56.4 (10.4) 56.8 (9.7) 47.8 (10.6) 0.002 High < Neg, Med
Stroop color 88.2 (15.10) 84.4 (10.6) 83.1 (10.6) 68.9 (14.2) < 0.001 High < Neg, Low, Med
Stroop word 110.3 (19.8) 107.1 (12.4) 105.8 (16.1) 84.4 (19.7) < 0.001 High < Neg, Low, Med
Stroop interference 51.4 (9.8) 51.4 (12.8) 52.4 (11.2) 40.2 (10.6) 0.006 High < Neg, Low, Med
Trails A 19.6 (4.3) 23.7 (7.9) 21.4 (8.7) 30.3 (13.1) 0.008 Neg, Med < High
Trails B 51.3 (19.0) 50.8 (18.9) 44.3 (8.7) 83.7 (42.5) < 0.001 Neg, Low, Med < High
Trails B-A 31.3 (17.8) 27.1 (15.8) 22.8 (9.2) 53.4 (38.3) < 0.001 Neg, Low, Med < High
TRT: precision 0.024 (0.005) 0.020 (0.004) 0.020 (0.006) 0.019 (0.006) 0.011 High < Neg

CAG, cytosine-adenine-guanine; CAP, CAG-age product; CC/UI, Cleveland Clinic/University of Iowa; SDMT, Symbol Digit Modalities
Task; TRT, time reproduction task; UHDRS; Unified Huntington’s Disease Rating Scale.

Table 2. Mean (Standard Deviation) of Bilateral Cortical and Subcortical Volumes

NEG LOW MED HIGH
Region n = 16 n = 16 n = 16 n = 16 pa Post hocs

White matter 31.7 (2.6) 30.4 (2.0) 30.9 (0.88) 30.7 (2.7) 0.293 —
Cortical gray matter 44.7 (2.7) 46.1 (2.3) 45.0 (3.2) 44.3 (3.1) 0.976 —
Subcortical gray matter 12.8 (1.0) 13.1 (1.0) 12.7 (0.9) 12.8 (1.0) 0.863 —
Caudate 0.50 (0.05) 0.53 (0.06) 0.48 (0.06) 0.43 (0.07) 0.0005 High < Neg, Low
Thalamus 1.12 (0.09) 1.17 (0.13) 1.09 (0.10) 1.11 (0.13) 0.059 —
Putamen 0.73 (0.07) 0.75 (0.08) 0.65 (0.06) 0.59 (0.10) 2310�7 High, Med < Neg, Low
Globus pallidus 0.21 (0.02) 0.21 (0.03) 0.19 (0.03) 0.16 (0.03) 4310�7 High < Neg, Low, Med

aResults of a one-way ANCOVA for group effects with age as a covariate. Significance values in bold survived FDR. Volumes reported as
% of intracranial volume.

ANCOVA, analysis of covariance.
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with the LOW and NEG groups ( p < 2 · 10�7). The HIGH
group also had smaller volumes of the caudate and globus
pallidus ( p < 0.0005). No regions showed significant group
differences in cortical thickness, and there were no group dif-
ferences in the volume of cortical or subcortical gray matter
or white matter. As a result, cortical thickness and overall tis-
sue volumes were not included as covariates in subsequent
analyses.

Motion

An ANOVA showed no group differences in mean or
maximum peak-to-peak displacement ( Jiang et al., 1995)
during the rs-fMRI scan ( p > 0.163).

Functional connectivity

Thirteen regions showed significant connectivity with left
M1 in one or more of the four group-averaged maps (Table
3). Significant group differences were found for M1 connec-
tivity with the right precentral gyrus, right postcentral gyrus,
and right cuneus (Fig. 2 and Table 3). In gene-positive par-
ticipants, an age-adjusted partial correlation showed that
higher CAP scores were associated with weaker M1 connectiv-
ity strength with the right precentral gyrus (r =�0.448,
p = 0.0015), right postcentral gyrus (r =�0.452, p = 0.0014),
right cuneus (r =�0.381, p = 0.0083), and left cuneus
(r =�0.414, p = 0.0038). Figure 3 shows the relationship be-
tween left M1 connectivity and CAP score for these regions.

To further investigate the relationship between strength of
connectivity and disease burden as measured by the CAP
score, we performed a whole-brain voxelwise partial correla-
tion on the 48 gene-positive participants. In this analysis and
in the behavioral and volumetric analyses described below,
prHD participants were treated as a single sample and were
not grouped by the CAP score. The bilateral posterior cingu-
late cortex (PCC) was the only region to survive at the
p = 0.01 level, cluster size 1500 (Fig. 4). Although the re-
gions that showed group differences in the above analysis
were present at lower significance thresholds, the statistical

penalty for a voxelwise analysis resulted in only one surviv-
ing ROI. A partial correlation demonstrated that a stronger
M1 connectivity with the PCC was significantly associated
with higher CAP scores (r = 0.595, p = 1 · 10�5; Fig. 4).

The relationship of connectivity to behavioral measures in
the 48 prHD participants was examined in the right precen-
tral gyrus, right postcentral gyrus, right and left cuneus,
and posterior cingulate. An age-adjusted partial correlation
showed a negative relationship between a lower score on
the UHDRS TMS, associated with fewer motor symptoms,
and the strength of connectivity from the left M1 to the
right postcentral gyrus (r =�0.352, p = 0.015) and the right
precentral gyrus, although this was not significant after
FDR correction (r =�0.314, p = 0.032). Neuropsychological
performance measures were transformed to age- and educa-
tion-adjusted residuals and correlated with age-adjusted
mean connectivity. Connectivity to the right precentral gyrus
was related to performance on Stroop Color (r = 0.363,
p = 0.011), Trails B (r =�0.408, p = 0.004), and Trails B-A
(r =�0.441, p = 0.002); correlations with SDMT (r = 0.296,
p = 0.041) and Stroop Interference (r = 0.332, p = 0.021) did
not survive FDR correction. In all cases, increased connectiv-
ity between left M1 and the right precentral gyrus was associ-
ated with better task performance. Likewise, connectivity to
the right postcentral gyrus was associated with increased per-
formance on the SDMT (r = 0.363, p = 0.011). Conversely,
connectivity from left M1 to the PCC was associated with
worse performance on Stroop Color (r =�0.382, p = 0.007),
Trails B (r = 0.327, p = 0.023), and Trails B-A (r = 0.336,
p = 0.020), although correlations with Trails measures did
not survive FDR correction. Figure 5 shows the relationships
between connectivity and behavioral measures that survived
the FDR correction.

Lastly, the authors conducted exploratory analyses to as-
sess relationships between connectivity and volume loss in
the basal ganglia of prHD participants. Bilateral volumes
from the three basal ganglia regions that showed group dif-
ferences (caudate, putamen, and globus pallidus) were corre-
lated (age adjusted) with connectivity measures that showed

Table 3. Regions Showing Significant Connectivity to Left M1 in Any of the Four Group-Averaged Maps

Talairach coordinates CAPb

Side Region BA x y z pa Post hocs r p

R Precentral gyrus 4 39 �21 49 0.019 High < Low �0.448 0.0015
L Supplementary motor area 6 �3 �17 50 0.052 �0.256 0.0829
L Insula 13 �47 �19 18 0.277 �0.301 0.04
R Postcentral gyrus 43 55 �11 18 0.006 High < Neg �0.452 0.0014
L Middle temporal gyrus 37 �41 �64 7 0.169 �0.265 0.0724
R Lingual gyrus 19 18 �46 �1 0.375 �0.254 0.0856
L Insula, middle 13 �32 �16 17 0.878 �0.04 0.7922
R Insula, middle 13 34 �16 17 0.784 �0.165 0.2679
L Thalamus �13 �22 5 0.437 �0.173 0.2462
R Thalamus 13 �21 5 0.257 �0.209 0.159
L Cuneus 7 �18 �76 32 0.083 �0.414 0.0038
R Cuneus 7 17 �77 32 0.015 Neg < Low �0.381 0.0083
R Middle temporal gyrus 37 44 �60 7 0.088 �0.173 0.2437

Bold values survived FDR correction.
aResults of a one-way ANCOVA for group effects with age as a covariate.
bResults of a partial correlation (age adjusted) with CAP score.
FDR, false discovery rate.
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abnormalities in prHD and/or correlated with the CAP score.
As this was an exploratory analysis, the FDR correction
was not used. Larger bilateral putamen and bilateral globus
pallidus volumes were significantly related to a stronger M1
connectivity with the right precentral gyrus (r = 0.412, p =
0.0040; r = 0.402, p = 0.0051; respectively), the right cuneus
(r = 0.372, p = 0.0099; r = 0.325, p = 0.0256), and the left cuneus
(r = 0.406, p = 0.0046; r = 0.377, p = 0.0091). In contrast, a stron-
ger M1 connectivity with the PCC was related to the smaller bi-
lateral caudate (r =�0.343, p = 0.0184), putamen (r =�0.414,
p = 0.0038), and globus pallidus (r =�0.505, p = 0.0003) vol-
umes. Figure 6 shows the relationship of bilateral putamen
and global pallidus volumes to left M1 connectivity.

Discussion

To our knowledge, this is the first study to report that func-
tional connectivity of the primary motor cortex with motor and
nonmotor areas is related to genetic burden in prHD. Within
the motor network, the authors found that the strength of left
M1 connectivity with the ipsilateral (right) primary motor (pre-
central gyrus) and somatosensory (postcentral gyrus) areas

FIG. 3. Relationship between CAP score and the strength of connectivity from left M1 to the right precentral gyrus
(r =�0.448, p = 0.0015), right postcentral gyrus (r =�0.452, p = 0.0014), left cuneus (r =�0.414, p = 0.0038) and right cuneus
(r =�0.381, p = 0.0083) (FDR corrected).

FIG. 4. Left M1 connectivity with the PCC was signifi-
cantly related to CAP score in a whole brain voxel-wise anal-
ysis (r = 0.595, p = 1 · 10�5). Inset shows results of the whole
brain analysis, thresholded at p < 0.01, cluster size 1500.
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decreased as genetic burden increased. Outside of the motor
network, M1 connectivity with the bilateral cuneus decreased
with increasing genetic burden, but increased with the PCC,
a key element of the default mode network (DMN) (Gusnard
and Raichle, 2001). Functional connectivity disturbances
were associated with performances on measures of cognitive-
motor functioning that are sensitive to disease progression in
prHD. The authors also found that volume loss in the putamen,
globus pallidus, and caudate was related to M1 connectivity
within and outside the motor system, suggesting that structural
changes in the basal ganglia may partly underlie functional
connectivity disturbances of the primary motor cortex.

This finding of reduced connectivity of contralateral M1
with ipsilateral M1 and somatosensory cortex indicated

that in prHD there are early changes in interhemispheric in-
teractions that are known to occur between the motor areas.
Although the role of ipsilateral M1 in motor control is not
fully understood, it has been proposed that unilateral move-
ments produce temporary inhibition of ipsilateral M1, which
is thought to restrict motor output to the hemisphere contra-
lateral to the intended movement (Beaule et al., 2012; Bue-
tefisch et al., 2014; Chiou et al., 2013; Kobayashi et al.,
2003). Unilateral tactile stimulation also produces facilitation
and inhibition in contralateral and ipsilateral somatosensory
areas (Stringer et al., 2014). Interestingly, a poorer motor per-
formance in healthy adults during unimanual tasks is associ-
ated with less suppression of ipsilateral sensorimotor
activation (McGregor et al., 2013). Thus, contralateral and

FIG. 5. Relationship of
behavioral measures and connec-
tivity to the left M1 (p < 0.018,
FDR corrected, see text for details).
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FIG. 6. Relationship be-
tween bilateral putamen and
globus pallidus volumes and
the strength of connectivity
between left M1 and the right
precentral gyrus (r = 0.412,
p = 0.0040; r = 0.402, p =
0.0051, respectively), right
cuneus (r = 0.372, p = 0.0099;
r = 0.325, p = 0.0256), left
cuneus (r = 0.406, p = 0.0046;
r = 0.377, p = 0.0091),
and posterior cingulate
(r =�0.414, p = 0.0038;
r =�0.505, p = 0.0003).
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ipsilateral motor areas appear to work in an opposing manner,
much as the direct and the indirect pathways work in the clas-
sic model of basal ganglia circuitry (DeLong, 1990). Recent
animal models, however, suggest that the direct and indirect
pathways work in a coordinated manner to facilitate intended
actions and inhibit competing ones (Cui et al., 2013; Jin et al.,
2014), which may also apply to interhemispheric interactions
among the cortical motor areas (Horenstein et al., 2009). One
speculation is that an optimal balance in the synchrony be-
tween interhemispheric motor areas may change as individu-
als approach a manifest diagnosis, and possibly contribute to
early motor symptoms such as hyperkinesias. Indeed, prHD
participants with more motor symptoms on the UHDRS
showed weaker M1 connectivity with the ipsilateral ventral
somatosensory cortex, a multisensory area, and a trend for
weaker connectivity with ipsilateral M1. Moreover, weaker
connectivity between contralateral and ipsilateral M1 corre-
lated with poorer performance on neuropsychological mea-
sures that contained a strong motor component (Trail
Making test, Stroop Task, SDMT).

The finding of weakened M1 connectivity with motor
areas is consistent with a report of reduced M1 synchroniza-
tion within the sensorimotor cortex in prHD (Poudel et al.,
2014), but contrary to the finding of normal sensorimotor
network connectivity in prHD (Dumas et al., 2013). This
study builds upon these findings, demonstrating that weak-
ened M1 connectivity is specifically with interhemispheric
sensorimotor areas and depends upon genetic burden.
These results are compatible with a task-related (i.e., alert-
ness task) fMRI study reporting weakened M1 connectivity
with the SMA, but only in individuals far from diagnosis
(Wolf et al., 2012). Surprisingly, it is controversial as to
whether manifest HD is associated with changes in sensori-
motor network connectivity in the resting state (Poudel
et al., 2014; Werner et al., 2014) despite the striking motor
symptoms, which correlate white matter deterioration in the
fiber pathway from the basal ganglia to the primary motor cor-
tex (Bohanna et al., 2011). When intrinsic functional con-
nectivity disturbances were found (Werner et al., 2014),
connectivity was increased throughout the entire sensorimo-
tor network in manifest HD. This result contrasts with the
finding of a circumscribed weakening of left M1 connectivity
with interhemispheric motor areas as individuals approached
a diagnosis. Although longitudinal studies are needed to elu-
cidate mechanisms of progressive changes in neuromodula-
tion in HD, one speculation is that with more widespread
dysfunction in areas of the sensorimotor network, dedifferen-
tiation increases (Li et al., 2001; Werner et al., 2014).

This finding of abnormal M1 connectivity with areas out-
side the motor network may be an early sign in prHD of de-
creasing functional specialization and/or compensatory
interactions with other networks that can result in reorgani-
zation of function. M1 connectivity with the bilateral cuneus
was weakened as genetic burden increased. Weakened con-
nectivity between motor and visual networks may underlie
disturbances in visuomotor integration (e.g., circle tracing
task), which has been reported in prHD (Say et al., 2011).
In addition, M1 connectivity with the right cuneus was sig-
nificantly increased in the LOW group and tended to be ele-
vated in the MED group, which was not seen in the NEG or
HIGH groups. Enhanced connectivity early in the prodromal
stage could be an intermediate phenotype of cell dysfunction

that begins long before cell death (Tobin and Signer, 2000)
and may result in compensation.

As proximity to a diagnosis neared, the authors also found
that M1 connectivity increased with the PCC, a key region of
the DMN, which is associated with internal thought pro-
cesses. Less suppression of the DMN is associated with
worse performance on attention-demanding tasks. Thus,
strengthened M1-PCC connectivity may be a source for dis-
ruptions in executive components of motor control in prHD,
such as sequencing (Georgiou-Karistianis et al., 2014). This
is compatible with the finding that a stronger M1-PCC con-
nectivity was associated with worse performance on a mea-
sure of executive functioning (Trails B-A) and color naming
(Stroop), but not motor symptoms on the UHDRS. Metabolic
alterations of the PCC in prHD suggest that this region may
be involved in early functional brain changes (Unschuld
et al., 2012a), yet rs-fMRI studies have reported normal
PCC connectivity (Seibert et al., 2012) and normal DMN
synchronization in prHD (Dumas et al., 2013; Poudel
et al., 2014). Still, these findings require further scrutiny as
the effect of genetic burden on connectivity was not studied.
Altogether, these results suggest that abnormal M1 connec-
tivity with motor areas results in the formation of long-
range connections outside the motor network.

Consistent with others (Unschuld et al., 2012b), the au-
thors did not find abnormal M1 connectivity with the stria-
tum, despite significant basal ganglia atrophy not only in
participants in the HIGH group but also in the MED group
(putamen only). Yet, smaller putamen and globus pallidus
volumes were associated with weaker connectivity between
contralateral and ipsilateral M1 areas. Smaller basal ganglia
volumes were also associated with weaker M1 connectivity
with the bilateral cuneus and stronger M1 connectivity
with the PCC. However, basal ganglia volume accounted
for only 10% and 25% of the variance in M1 connectivity
measures. Thus, abnormal short-range and long-range intrin-
sic functional connectivity of the primary motor cortex in
prHD appears to be partly a manifestation of structural
changes in the striatum and functional changes.

This study has several limitations. First, the gene-positive
participants were stratified by the CAP score, leading to only
16 subjects in each group. While this may have rendered
pairwise group comparisons somewhat underpowered, ana-
lyses in which CAP scores were correlated with various mea-
sures were likely sufficiently powered to test the effects of
disease burden on functional connectivity. Second, although
the groups were not matched on education, the statistical
analyses adjusted for potential effects of this variable.
Third, groups were not matched on age since disease burden
is determined by the CAG repeat length and age. However,
the CAP score is the product of age and CAG repeat length.
As such, correlations of CAP with the functional connectivity
measures consider potential age–gene interactions. Finally,
longitudinal studies are needed to directly assess the effect
of disease burden on functional connectivity disturbances in
prHD and to chart the temporal course of the changes and
their relationship to structural changes in the brain.

Conclusion

The present study found that intrinsic functional connec-
tivity disturbances of the primary motor area depended
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upon the proximity to a manifest diagnosis, suggesting that rs-
fMRI may have potential to track progressive changes in brain
functioning during the prodromal period. The authors found
that prHD altered both short-range intrinsic functional con-
nectivity within the motor system and long-range connectiv-
ity between the primary motor area and the cuneus and PCC.
The finding that motor symptoms on the UHDRS correlated
with abnormal M1 connectivity within, but not outside the
motor network, suggested that disruptions in interhemi-
spheric interactions between sensorimotor areas may contrib-
ute to motor symptoms in HD. Although changes in intrinsic
connectivity of M1 with posterior cortical regions may be a
reflection of a dedifferentiation and/or compensation that re-
sults in reorganization of function longitudinal studies that
characterize the temporal course of connectivity changes, co-
incident with structural changes in the brain, will be needed.
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