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ABSTRACT: Background: Huntington’s disease is a
neurodegenerative disorder characterized by clinical alter-
ations in the motor, behavioral, and cognitive domains.
However, the structure and disruptions to large-scale brain
cognitive networks have not yet been established.
Objective: We aimed to profile changes in large-scale
cognitive networks in premanifest and symptomatic
patients with Huntington’s disease.

Methods: We prospectively recruited premanifest and
symptomatic Huntington’s disease mutation carriers as
well as healthy controls. Clinical and sociodemographic
data were obtained from all participants, and resting-state
functional connectivity data, using both time-averaged
and dynamic functional connectivity, was acquired from
whole-brain and cognitively oriented brain parcellations.
Results: A total of 64 gene mutation carriers and 23
healthy controls were included; 21 patients with
Huntington’s disease were classified as premanifest and
43 as symptomatic Huntington’s disease. Compared with
healthy controls, patients with Huntington’s disease
showed decreased network connectivity within the
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posterior hubs of the default-mode network and the
medial prefrontal cortex, changes that correlated with
cognitive (t = 2.25, P = 0.01) and disease burden scores
(t = —2.42, P = 0.009). The salience network showed
decreased functional connectivity between insular and
supramarginal cortices and also correlated with cognitive
(t = 211, P = 0.02) and disease burden scores
(t = —2.35, P = 0.01). Dynamic analyses showed that
network variability was decreased for default-central
executive networks, a feature already present in pre-
manifest mutation carriers (dynamic factor 8, P = 0.02).

Conclusions: Huntington’s disease shows an early and
widespread disruption of large-scale cognitive networks.
Importantly, these changes are related to cognitive and
disease burden scores, and novel dynamic functional
analyses uncovered subtler network changes even in the
premanifest stages. © 2021 The Authors. Movement Dis-
orders published by Wiley Periodicals LLC on behalf of
International Parkinson and Movement Disorder Society
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Huntington’s disease (HD) is a neurodegenerative dis-
order caused by an abnormal CAG repeat expansion in
the HTT gene on chromosome 4." The clinical onset of
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behavioral features can be detected up to 15 years
before the emergence of the first motor symptoms.”
Subtle cognitive changes are present from the early
stages, with the development of dementia as a likely
outcome in the majority of the cases.” The progression
of cognitive decline has been attributed to a pattern of
whole-brain atrophy, with the basal ganglia and its
fronto-subcortical connections as the most affected by
disease progression.* However, recent works have shown
that progressive atrophy of a wide range of cortical
regions is linked to the clinical profile of the disease from
the early stages. This cortical atrophy involves several
regions that participate in cognitive functions such as the
precuneus,’ the anterior cingulate cortex,® and the sup-
ramarginal, fusiform, and lateral occipital gyrii.” The
majority of these regions are integral to the functioning
of large-scale cognitive networks,® such the salience net-
work (SN) or default-mode network (DMN). Thus, cog-
nitive manifestations of HD might be related both to
structural brain damage and the disruptions in the archi-
tecture of large-scale brain cognitive networks.

Structural damage in the basal ganglia and motor
and visual regions has been shown to correlate with
alterations in both motor and visual functional
networks,”'® even from the premanifest stage.'"!?
Studies focusing on the DMN using resting-state func-
tional magnetic resonance imaging (fMRI) showed
decreases in functional connectivity (FC) within the net-
work in manifest HD but no changes in premanifest
patients.'® In this latter population, task-based fMRI
found an increased connectivity within the DMN.'* In
the executive networks, a dissociated pattern was found
between posterior cortical decreases in activity'® and an
increase in frontoparietal connectivity,'> but again,
studies in the premanifest population have shown no
differences.'®

Finally, to our knowledge, no study has tackled the
study of dynamic FC of cognitive networks in
HD. Although static FC has proven to be demonstrable
across task and resting-state conditions,'” and even
across species,'® there is growing evidence that brain
networks are not immutable across time, but inherently
“multistable.”"® This includes the notion that cognitive
hubs such as the posterior cingulate cortex (PCC) can
dynamically engage with different networks.?**! Previ-
ous studies have established the relevance of the fre-
quency of connectivity states in the cognition of
neurodegenerative  diseases such as Parkinson’s
disease,”” showing that patients with an associated
dementia have a higher frequency of a segregated con-
nectivity state than healthy controls. On the other
hand, high variability of these connectivity circuits is
considered to be a feature of normal organization in
the brain®® that decreases with normal aging®*; it has
also been found to be decreased within default-mode
and frontoparietal networks in patients with

schizophrenia.®® It is conceivable that the subtler
aspects of network disruption could become more
apparent when considering the dynamic nature of brain
circuits.

The main aim of the present study was to conduct a
functional analysis of the different large-scale cognitive
networks in premanifest HD (pre-HD) and symptomatic
HD (sHD). Although cognitive manifestations may
represent the earliest indicators of the disease, there is
a lack of studies exploring the integrity of cognitive
networks and its clinical impact on HD. Specifically,
we performed classical averaged FC and graph theory
analyses, and we also conducted a novel dynamic FC
analysis through dynamic independent component
analysis (dyn-ICA). We also performed a structural
analysis of brain atrophy using cortical thickness while
adopting both a standard whole-brain approach and a
cognitive network-focused parcellation, similar to our
previous work.?®

Patients and Methods

Participants and Clinical Assessment

A total of 65 gene mutation carriers (CAG > 39) who
attended the outpatient clinic at the Movement Disor-
ders Unit and 23 healthy controls who were willing to
participate were prospectively recruited. Patients with
HD were classified as premanifest HD (pre-HD) and
sHD. Individuals with a Unified Huntington’s Disease
Rating Scale (UHDRS) total motor score below 5 and a
diagnostic confidence level (DCL) <3 were classified as
pre-HD, whereas those with a DCL = 4 were classified
as sHD. Cognitive measures were obtained using the
UHDRS cognitive score (Cogscore). The disease burden
score (DBS)—a measure of livelong exposure to mutant
huntingtin—was calculated using the following formula
based on age and CAG repeat length: age x
(CAG — 35.5).”” However, healthy controls only had
sociodemographic data available. Exclusion criteria
based on image quality were (1) pathological magnetic
resonance imaging (MRI) findings beyond mild white
matter hyperintensities and (2) the presence of head
motion or other MRI artifacts. After reviewing images
for quality control, one patient was excluded because
of excessive head motion.

MRI Acquisition and Preprocessing

All participants had available structural and resting-
state fMRI. Details regarding image acquisition and
preprocessing are available in Appendix S1 in the sup-
plementary material. Briefly, T1-weighted scans and
resting-state  (blood-oxygen-level-dependent) BOLD
images (12 minutes) were acquired in a 3T Philips
Achieva station (Philips Medical System, Best, the Neth-
erlands). To assess cortical atrophy differences we
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applied a surface-based cortical thickness pipeline using
FreeSurfer 6.0. (free software: Fisch et al, 10.1016/.
neuroimage.2012.01.021) Functional imaging processing
was performed using CONN v19b software and its stan-
dard processing pipeline,”® which includes functional
preprocessing and brain parcellation and first-level and
second-level analyses steps. For preprocessing, scans
were functionally realigned and unwarped, slice-timing
corrected, realigned, and spatially normalized to the
Montreal Neurological Institute (MNI) space using cor-
egistration with the associated anatomical data. For
brain parcellation, we adopted both the Harvard-Oxford
Atlas®® provided within the CONN toolbox and the set
of functional brain networks described in the Shirer
atlas®® to provide both whole-brain macroanatomical
coverage and functionally oriented parcellations®'; time
courses for all of these regions of interest (ROIs) were
derived from MNI-normalized images. Thereafter, ROI
time courses were submitted to CONN’s standard den-
oising pipeline, which combines linear regression of
potential confounding effects and temporal band-pass fil-
tering. For the first-level signal processing, we adopted
both time-averaged static FC measures and a dyn-ICA.
Dyn-ICA matrices represent a measure of different modu-
latory circuits expression and rate of connectivity change
between each pair of ROIs. For the second-level analysis,
averaged metrics of FC and graph theoretical parameters
were computed in ROI-to-ROI analyses as well as dyn-
ICA parameters: frequency was defined as the recurrence
of the modulatory circuits in each participant and vari-
ability as the standard deviation in bivariate, multivari-
ate, or semipartial correlation or regression measures
between pairs of ROIs. A detailed description of the
preprocessing, denoising, and first-level and second-level
analyses as well as an in-depth discussion of dyn-ICA

NETWORKS IN
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parameters is provided in Appendix S1 in the supplemen-
tary material.

Statistical Analyses

Clinical and sociodemographic data were compared
across groups using two-sample # test analyses for con-
tinuous variables and y* for categorical variables. Dif-
ferences were considered significant using a probability
(P) value < 0.05. On the structural analyses, only sur-
face clusters surviving P < 0.05 family-wise error
corrected by permutation were considered.

On the structural analysis, we compared vertex-wise
cortical thickness data between HD (pre-HD/sHD) and
healthy controls using age, sex, and education as nui-
sance covariates. For this purpose, vertex-wise cortical
thickness maps were normalized to a standard fsaverage
space and smoothed using a Gaussian kernel of 10 mm
full width at half maximum. Only surface clusters surviv-
ing P < 0.05 and family-wise error correction by permu-
tation testing (10,000 permutations) were considered
significant.

Functional and graph theoretical metrics were intro-
duced into a generalized linear model within CONN to
compare controls, pre-HD groups, and sHD groups
using age, sex, and education as covariates of no inter-
est. Furthermore, total gray matter volume was
explored as a covariate of no interest to analyze the
interaction between functional and structural changes.
Results were considered significant using a threshold of
P value < 0.05 corrected for multiple comparisons at
the cluster level using the false discovery rate for all the
functional and graph theoretical analyses. Temporal
data regarding dyn-ICA analysis of frequency and vari-
ability of dynamic components were also introduced into

TABLE 1  Demographics, genetics, and clinical data of the study population, according to disease stage

HD vs. Pre-HD vs.

Symptomatic Healthy controls, symptomatic
Variables HD Pre-HD HD controls P value HD, P value
N 64 21 43 23
Age, y 45.77 £ 12 3833 £ 75 49.4 £ 121 39.34 £9.3 0.01 <0.001
Sex 41/64 women 15/21 women 26/43 women 8/23 0.92 0.76
Education, y 13 £ 4.1 14.05 £ 3.3 12.08 + 4.36 12+1.6 0.05 0.03
CAG repeats 43.18 £ 2.6 427 £22 43.4 £ 285 N/A N/A 0.88
UHDRS 17.55 £+ 20 0.3 +0.7 25.95 £ 19.6 N/A N/A <0.001
Cogscore 240.39 £+ 97 328.33 + 46.7 195.34 £ 85 N/A N/A <0.001
Disease burden score 334.49 + 108 266.53 £ 77.5 367.64 £ 105.3 N/A N/A <0.001
Years to disease onset N/A 14.5 £ 6.07 N/A N/A N/A

Data are provided as n or mean =+ standard deviation.
Abbreviations: HD, Huntington’s disease; N/A, Not available; UHDRS, Unified Huntington’s Disease Rating Scale.
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a generalized linear model using age, sex, and education
as covariates of no interest and considered significant
using a P value < 0.05. Finally, regression analyses were
performed using DBS, UHDRS, and Cogscore data in
the relevant connections (which had previously been
found as statistically significant between groups in a
P <0.05 corrected analysis) and dynamic components
and considered significant using a P value of <0.05.
Statistical analyses concerning clinical and socio-
demographic comparisons as well as clinical imaging
associations were conducted using the SPSS version 15
(IBM Corp. Armonk, NY) software package.

All patients provided written informed consent
according to the Declaration of Helsinki. The study

was approved by the Ethics Comitee for Clinical
Research at the Hospital de la Santa Creu i Sant Pau.

Results

Clinical and Sociodemographic Data

A total of 64 gene mutation carriers (mean age,
45.77 + 12 years; mean CAG, 43.18 + 2.6; mean DBS,
334.49 £ 108) and 23 healthy controls (mean age,
39.34 + 9.3 years) were included; 21 patients with HD
were classified as pre-HD (mean age, 38.3 + 7.5 years;
mean CAG, 42.7 & 2.2; mean DBS, 266.53 £ 57.5) and
43 were classified as sHD (mean age, 49.4 + 12 years;
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FIG. 1. Summary of the imaging analysis methodology. On the upper left comer, the two parcellations (whole-brain Harvard-Oxford and the cognitive net-
works of the Shirer atlas) are used to obtain the time series of their respective brain regions. These time series are averaged to produce static association
matrices that result in region-of-interest (ROI) functional connectivity data and network architectural analysis via graph theory. On the lower half of the pic-
ture, time series are analyzed using a dynamic independent component analysis (dyn-ICA), which identifies changes in temporal fluctuations of the dynamic
components (frequency) and in spatial relations between the components (variability). [Color figure can be viewed at wileyonlinelibrary.com]
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mean CAG, 43.4 &+ 2.85; mean DBS, 367.64 £+ 105.3).
For full demographic data, see Table 1.

Patients with pre-HD were comparable in age and
sex to controls but had a slightly higher education level
(14 vs. 12 years for controls). Patients with sHD were
older than controls (49 vs. 39 years in controls). All of
these differences were accounted for in imaging ana-
lyses by using these variables as covariates of no
interest.

Structural Analysis: Cortical Thickness

On the structural analysis, patients with HD showed
reduced widespread cortical thinning in frontal, parie-
tal, and temporo-occipital regions. These changes were
more pronounced when comparing patients with sHD
with healthy controls, whereas patients with pre-HD
showed no differences in cortical thickness relative to
controls. Figure 1 and Appendix S1 in the supplemen-
tary material display the cortical thickness differences
between these groups.

NETWORKS

IN HUNTINGTON’'S DISEASE
Time-Averaged FC

Whole-Brain FC

On a whole-brain approach, patients with HD
showed decreased FC on a wide range of cortical
regions, chiefly the motor cortex (Fig. 2, left).
Precentral, postcentral, and supplementary motor areas
showed decreased FC with visual associative cortices
(P = 0.002 corrected) and fronto-opercular regions,
including the bilateral insular and anterior cingulate
cortices (P = 0.01 corrected). Importantly, these
decreases were clinically associated with both the
UHDRS scores and with the DBS. The regression analy-
sis showed that reduced FC between the postcentral
gyrus and the occipital fusiform gyrus was associated
with higher DBS (¢ = —2.57, P = 0.006) and UHDRS
(t =-5.27, P<0.001), and similarly, decreased FC
between the right insular and supplementary motor cor-
tex was correlated with higher DBS (¢ = —2.83,
P = 0.003) and UHDRS (¢ = —4.73, P <0.001). The
basal ganglia also showed reduced connections with the
superior and mid frontal gyrii (P = 0.01 corrected).

~
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FIG. 2. Changes in region-of-interest (ROIl)-to-ROI functional connectivity between patients with Huntington’s disease (HD) and healthy controls both
using a global brain parcellation (left) and a cognitive networks parcellation (right). DMN, default-mode network; PCC, posterior cingulate cortex; SN,

salience network. [Color figure can be viewed at wileyonlinelibrary.com]
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Specifically, reduced caudate-mid frontal gyrus connec-
tions were associated with higher DBS (¢t = —2.98,

P = 0.002) and UHDRS (¢ = —2.60, P = 0.004) for the
caudate-mid frontal gyrus connections. The main
increase in FC among patients with HD compared with
controls was found between visual regions—fusiform
cortex, occipital pole—and the PCC and precuneus,
both cortical hubs of the DMN (P = 0.003 corrected).
The regression analysis showed that higher FC between
the precuneus and the right fusiform cortex was associ-
ated with higher DBS (¢ = 1.99, P = 0.02).

FC in Cognitive Networks

Considering cognitive networks, patients with HD
showed decreased connectivity within posterior hubs of the
DMN such as the precuneus and PCC, and of these hubs
with anterior regions of the same network such as the
medial prefrontal cortex (P <0.001 corrected; Fig. 2,
right). A key aspect is that the posterior cingulate cortex
(PCC)-Med frontal connection showed a positive correla-
tion with cognitive scores as measured by the Cogscore (¢

WHOLE-BRAIN
HD<CONTROLS

Superior frontal gyrii

[ J
0e0® o

. . . Supp. Motor area .
. . Pre & Postcentral gyrii

Insular cortex K
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e
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o
o
0 SN. Right
anterior

GLOBAL EFFICIENCY insula
O

i
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=2.25, P = 0.01) and an inverse correlation with DBS (¢
=—-242, P = 0.009). The salience network of patients
with HD showed decreased FC between insular, sup-
ramarginal, and anterior cingulate cortices (P = 0.009),
and the connection between the right insular and sup-
ramarginal regions also showed a positive correlation with
the Cogscore (t = 2.11, P = 0.02) and an inverse correla-
tion to DBS (¢ = —2.35, P = 0.01).

FC in Pre-HD

Patients with pre-HD showed similar results both on a
whole-brain and cognitive networks approach, albeit in a
reduced fashion. Differences with healthy controls were
centered on motor and visual associative regions on a
whole-brain approach (P = 0.02 corrected), and connectiv-
ity increases between the PCC/precuneus and visual asso-
ciative regions were also observed (P = 0.04 corrected).
Meanwhile, in cognitive networks, changes were mainly
observed as decreases of connectivity between anterior and
posterior nodes of the DMN (P = 0.02).

o= . /—\
COGNITIVE NETWORKS
HO<CONTROLS

DMN. Posterior
cingulate &
precuneus

DBS vs Node degree.
Right precentral gyrus. Pre-HD

Node degree

CogScore vs Global efficiency. OMN. Angular gyrus . [ X ] ()
Precuneus right . ®

Global efficiency

¥ F A T Y

FIG. 3. Graph theoretical changes in Huntington’s disease (HD) compared with healthy controls, according to both global and cognitive-oriented
parcellations. Regressions with clinical parameters (disease burden score and Cogscore) are shown in the lower part of the image. DBS, disease bur-
den score; DMN, default-mode network; PCC, posterior cingulate cortex; SN, salience network [Color figure can be viewed at wileyonlinelibrary.com]
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Importantly, after controlling for gray matter volume
(GMYV), all results remained significant with the follow-
ing exceptions: in patients with pre-HD, increased
precuneus/PCC  connectivity with visual associative
regions in a whole-brain approach (not present after
correcting for GMYV) and decreases in connectivity
between anterior and posterior nodes of the DMN
(P = 0.06 after correcting for GMV).

COGNITIVE

Graph Theoretical Metrics
Whole-Brain Graph Metrics

On a whole-brain analysis, patients with HD showed
decreased node degrees compared with controls in
bilateral postcentral and precentral gyrii (P = 0.007
corrected) and the supplementary motor area (P = 0.04
corrected) and decreases in other nonmotor regions
such as the bilateral supramarginal gyrus (P = 0.04
corrected) and the PCC (P = 0.006 corrected; Fig. 3,
left). All of these regions also showed a reduction in
global efficiency, and in the left postcentral gyrus,

NETWORKS

IN HUNTINGTON’S DISEASE
decreases in node degree and global efficiency were cor-
related with higher UHDRS scores in patients with
manifest HD (¢ = —2.31, P = 0.01), whereas a lower
node degree was correlated with higher DBS in pre-HD

(t=-1.98, P =0.03).

Graph Metrics in Cognitive Networks

Using a cognitive networks approach, decreases in
node degree were found on the bilateral precuneus
(P = 0.02 corrected), bilateral angular (P 0.02
corrected), occipital (P = 0.03 corrected), and para-
hipoccampal gyrii (P 0.03 corrected)—all DMN
nodes—and the right anterior insula from the SN
(P = 0.04 corrected; Fig. 3, right). Clustering coefficient
was also reduced in the PCC (P = 0.001 corrected) and
left anterior insula (P = 0.02 corrected). Finally, global
efficiency was decreased in the right precuneus
(P = 0.03 corrected). This decrease correlated directly
with the Cogscore (¢ = 2.23, P = 0.01).

p
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FIG. 4. Analysis of dynamic factors in patients with Huntington’s disease (HD) compared with healthy controls. On the lower left, dynamic factors that
showed increased frequency in patients with HD are shown. On the right, decreases in variability of three dynamic factors compared with healthy con-
trols; on the lower part, clinical regressions are shown related to the loss of variability in dynamic factor 8. DMN, default-mode network; ROI, region of
interest; CEN, Central executive network. [Color figure can be viewed at wileyonlinelibrary.com]
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Graph Metrics in Pre-HD

On a whole-brain approach, the pre-HD group
showed similar decreases in node degree compared with
controls, centered around bilateral precentral and post-
central gyrii and the PCC (all P = 0.03 corrected). We
also found that some of these nodes—the bilateral
precentral and postcentral gyri—also showed decreased
global efficiency compared to controls. Furthermore,
path length was increased in motor and nonmotor
regions of the cortex, including the bilateral insular cor-
tex, bilateral fusiform gyri, and the bilateral amygdalae
(all P = 0.04 corrected). Considering cognitive net-
works, pre-HD already showed a loss of clustering
coefficient in the PCC (P = 0.01 corrected) and the left
anterior insula (P = 0.03 corrected).

After controlling for GMV, all results remained sig-
nificant with the following exceptions: node degree
decreases in the supplementary motor area (P = 0.06
corrected after controlling for GMV); clustering coeffi-
cient decreases in the left anterior insula (P = 0.09
corrected after controlling for GMV); global efficiency
decreases in the left precuneus (P = 0.06 corrected after
controlling for GMV); and in pre-HD, path length
increases in bilateral insular cortex and bilateral amyg-
dalae (not present after controlling for GMV) and clus-
tering coefficient decreases in the PCC and left anterior
insula (not present after correcting for GMV).

Dynamic Independent Component Analysis

A total of 12 dynamic factors corresponding to within-
network and between-network connectivity patterns were
identified in the whole sample: 4 components captured
SN-DMN interactions, 4 identified CEN-DMN interac-
tions, 1 corresponded to CEN-SN interactions, and 3
corresponded to within network connections. The out-
look of the 12 dynamic factors is displayed in Appendix
S$1 in the supplementary material and Figure 2.

Comparing the HD group with healthy controls, patients
had higher frequencies of DMN-CEN coupling, with the
strongest connections between parahippocampal and
precuneus DMN and orbitofrontal Central executive net-
work (CEN) (factor 7, P = 0.04), whereas the controls
showed an increased frequency of dynamic SN-DMN con-
nections, highlighted by the links between the anterior cin-
gulate and frontal cortex with the bilateral precuneus of the
DMN (factor 2, P = 0.03; Fig. 4, bottom left). On the vari-
ability analysis, all of the dynamic factors showed increases
in controls, related to DMN-CEN couplings, in which the
right caudate of the CEN shows increased dynamic connec-
tivity with DMN structures such as the bilateral precuneus,
bilateral angular, and bilateral occipital cortices (factor 7,
P = 0.04; factor 3, P = 0.03; factor 8, P = 0.002; Fig. 4,
right). After performing a post hoc correction for the num-
ber of dynamic factors, only the variability of factor
8 remained statistically significant (P < 0.05 corrected).

Importantly, the variability of factor 8, which connects fron-
tal nodes of the CEN and posterior hubs of the DMN such
as the PCC and precuneus, was directly correlated to the
Cogscore (t = 1.98, P = 0.02) and inversely with the DBS (¢
=-2.32,P=0.02).

Comparing pre-HD with controls, the controls pre-
serve the higher frequency in the previously mentioned
SN-DMN component (factor 2, P = 0.04), and vari-
ability remained higher for the DMN-CEN coupling in
the control group, with higher connectivity between the
frontal CEN hubs and the bilateral precuneus (factor 8,
P = 0.02). The variability of factor 8 also correlated
inversely with DBS in patients with pre-HD (¢t = —2.60,
P = 0.02). Comparing pre-HD with sHD, the latter
group presented a higher frequency of within-SN con-
nections, highlighted by insular—precuneus connections
(factor 4, P = 0.04), whereas patients with pre-HD
showed an increased variability in SN connectivity,

mainly insular cortex, with frontal regions of both the
DMN and CEN (factor 9, P = 0.04).

Discussion

In the present study, we analyzed the landscape of FC
changes associated with pre-HD and manifest HD and
how they compare to healthy controls. Adopting both a
whole-brain and a cognitive networks approach, we
found commonalities with previous descriptions of
brain networks in HD, but also a number of salient
points that are derived from newer approaches such as
dynamic FC analysis. We also examined the brain atro-
phy of the patients with HD compared with healthy
controls to frame this functional analysis.

In patients with HD, widespread cortical thinning was
observed compared with healthy controls. This pattern
of extensive atrophy has been previously reported by our
group’>* and others®* and shows that the loss of corti-
cal thickness occurs in frontal, temporo-parietal, and
occipital cortices in patients with HD. Patients with pre-
HD showed no differences compared with healthy con-
trols using stringent statistical thresholds, a fact that has
been shown in previous studies in patients with early
HD,*? although others have shown cortical thinning in
the early stages.” However, this could be explained by
the long time to onset in the patients with pre-HD in our
sample (14.05 + 6 years; see Table 1) because previous
studies have shown almost no cortical thinning in
patients with an estimated onset to disease higher than
S years.? Furthermore, we observed that the structural
changes did not have a pronounced effect in the func-
tional analyses when gray matter volume was used as a
covariate of no interest.

Using a whole-brain parcellation scheme, the changes
in FC observed in our sample were mainly related to
visual associative and motor regions. These changes
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involved the fusiform gyrus, occipital pole, and
precentral/postcentral cortices and were also found
when comparing patients with pre-HD with healthy
controls. In previous studies, reduced FC in the
somatomotor cortex has been related to the severity of
motor symptoms.”'® Similarly, the visual networks
have shown reduced FC in HD,'? and this decrease was
related to impairment in visual scanning and motor
speed. Therefore, the reduced FC between motor and
visual associative regions in our sample could underlie
these clinical changes that are present, albeit in a
reduced fashion, even in the premotor stage.>* Impor-
tantly, these changes in our sample were linked to
increasing disease burdens and worse motor scores.
Graph theoretical findings also support these results,
showing decreased degree and efficiency in precentral
and postcentral hubs even in the premotor stage, and a
widespread increase in path lengths across the network,
signaling a decrease in the efficient transfer on informa-
tion across its nodes. Of note, some cognitive regions
were highlighted in this global analysis, mainly via an
increase of FC between the PCC and the visual associa-
tive cortex, which correlates with higher DBSs. How-
ever, these changes are much less prominent compared
with the visuomotor impairment.

The cognitive networks approach showed that
patients with HD lose connectivity in the major large-
scale networks in the resting state. These decreases were
particularly consistent regarding the DMN, which had
already been reported in sHD.'®!%3 In our sample,
decreases of FC affected key nodes of the DMN, and
this reduced connectivity translated into lower
Cogscores as well as higher DBSs, especially for connec-
tions between the anterior and posterior components of
the DMN. Furthermore, these decreases were accompa-
nied by lower node degree, clustering coefficients, and
global efficiency properties in these nodes, the latter
showing a correlation with cognitive scores. Changes
outside of FC had previously been documented only in
relation with depression®® or using regional metrics
such as amplitude of low-frequency fluctuations.?”
More significant for us were the decreases found within
the SN, which had not been found in previous studies
of cognitive networks in HD.?® We found a loss of FC
within SN hubs such as the insula, the supramarginal
gyrus, and the anterior cingulate and a further decrease
in node degree and efficiency in the anterior insula.
These changes were again correlated with clinical out-
comes both in cognitive and DBSs. These findings are
important given that the SN plays a critical role in the
attribution and signaling of relevant inner and external
information and thus in the engagement of goal-
directed behavior and emotional processing.*” There-
fore, our findings may provide new insights on the
functional mechanisms leading to the reduction on
goal-directed behavior and emotional processing

NETWORKS IN

HUNTINGTON'S DISEASE
observed in HD.>* We also found disruptions in these
networks in the premanifest group, with lower FC
within the DMN and decreased clustering coefficients
both in the SN and DMN.

All of these concepts, however, are based on the pre-
mise that FC is “static” across resting-state acquisition,
a concept that seems at odds with the dynamic nature
of brain functioning. Reconciling classical resting-state
network knowledge with a dynamic approach is chal-
lenging, but canonical large-scale networks could be
considered as approximate static representations of the
underlying dynamic brain.*® Using dyn-ICA, we tried
to retain the spatial identification of classical cognitive
networks while adding temporal data such as frequency
and variability, and we obtained two main conclusions.
First, our results show that the dynamic connection
between SN and DMN is less frequent in HD. These
two networks were the most affected by the loss of
intrinsic connectivity and topographical features in
time-averaged analyses, and our results show that their
interplay is also disrupted in a dynamic framework. An
altered relationship between the SN and DMN can be
found in previous static analyses of neurodegenerative
diseases as a loss of anticorrelations,”®*** but so far,
to our knowledge, not in a dynamic framework. Our
results lead us to believe that a time-dependent connec-
tion between these supposedly anticorrelated networks
might be a trait of healthy participants and become lost
in HD. This effect might probably be related to the
SN’s role as a “network fulcrum”—pivoting between
executive and default-mode predominant settings—a
concept proposed since the independent description of
this network*® that has been further confirmed using
dynamic causal modeling.** Second—and perhaps more
important given its clinical repercussion—although
patients with HD show a higher frequency of DMN-
CEN connections, their variability seems to be
decreased across different dynamic factors. Above all,
this loss in the dynamic interplay of the CEN and the
DMN correlates with worse cognitive scores and higher
DBS and can be found even in the premanifest group.
Variability in brain networks is related to cognitive per-
formance® and decreases with age,”* and it could be
conceived of as the repertoire of possible configurations
of a brain network.?® Thus, patients with HD seem to
have a decreased range of network configurations that
link DMN hubs, such as the precuneus, with CEN hubs
such as the caudate nucleus. This altered dynamic
resulted in worse clinical outcomes and is related to a
more severe disease in our sample. We speculate that
this lack of variability might be compensated by a
higher frequency of this state, suggesting that CEN-
DMN connections may assume maladaptive configura-
tions that trade reduced efficiency for higher coupling.

We acknowledge some limitations to this study. First,
cognition was explored mainly via the Cogscore, a
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widely employed and validated tool for cognitive
assessment in HD. However, detailed neuropsychologi-
cal evaluation might reveal more subtle disruptions of
cognitive function, especially in patients with pre-HD,
in which we found fewer cognitive correlations with
networks disruption. Further studies will need to evalu-
ate the link between more precise clinical evaluation
and network dysfunction. Second, our resting-state
acquisition time might not sufficiently represent all the
dynamic variability of the HD brain; however, given
the intrinsic difficulties of imaging acquisition in
patients (especially given the disease-specific symptoms
such as chorea) we believe this is a realistic rendering of
the dynamic brain states in these patients. Third,
healthy controls only had sociodemographic data avail-
able in this study. Finally, the choice of cortical
parcellation could influence the results, and it is still up
for debate as recent publications show.*® However, we
think this work strikes a balance between whole-brain,
microanatomical, and functionally oriented
parcellations as has been suggested in recent reviews.>!

ARACIL-BOLANOS

Conclusions

To sum up, our results show that cognitive networks
in HD are particularly affected, even in the premotor
stages of the disease. These disruptions follow well-
known patterns in neurodegenerative disease, with
decreases in the intrinsic connectivity of the networks
and the loss of graph-theoretical properties. Further-
more, a dynamic approach uncovers network interac-
tions unapparent in static analyses of FC that extend
into the premanifest stage. Further studies will be needed
to replicate these findings and link them to the diverse
phenotypical and neuropsychological aspects of HD. ®
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