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Abstract

BACKGROUND: Cognitive impairments are a hallmark of Huntington’s disease (HD).
METHODS: Seventy-one participants (43 HD gene-expanded [HDGE], 28 healthy con-
trols) from the HD-Young Adult Study at two timepoints ~ 4.7 years apart, completed
the Cambridge Neuropsychological Test Automated Battery Rapid Visual Information
Processing task and underwent resting-state functional magnetic resonance imaging.
We focused on predefined regions of interest that are involved in sustained attention.
RESULTS: HDGE individuals showed significantly poorer sustained attention than
controls (p,g; = 0.007), with no significant change over time. Functional connectivity
(FC) analyses revealed group differences in attention-related networks, including the
occipital-operculum and lentiform-orbitalis pathways. Time and group x time effects
were also observed in frontal and parietal regions.

DISCUSSION: These findings demonstrate early and persistent attention deficits in
HDGE, linked to altered FC in attention-related circuits. This supports the pres-
ence of early cognitive dysfunction in HD and highlights potential compensatory and
pathological changes in brain networks prior to the onset of clinical motor symptomes.

KEYWORDS
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Highlights

* We detail the discovery of early sustained attention deficits in Huntington’s disease
(HD) gene-expanded (HDGE) young adults.

» These sustained attention deficits do not measurably decline over a 4.7-year period.

» Altered functional connectivity was observed in attention-related brain networks.

 Alterations in regions include occipital, opercular, lentiform, and frontal areas.
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* Findings support attention as an early cognitive biomarker in HDGE young adults.

1 | INTRODUCTION

Huntington'’s disease (HD) is a rare inherited neurodegenerative disor-
der characterized by movement, cognitive, and psychiatric symptoms.
It is caused by an expansion of the cytosine-adenine-guanine (CAG)
trinucleotide repeat in exon 1 of the huntingtin gene (HTT), resulting
in the production of a mutant huntingtin protein.! The larger the num-
ber of CAG repeats, the earlier the onset of HD symptoms.? Diagnosis
typically relies on the presence of significant motor abnormalities.
However, models based on age and CAG repeat length can assist in
the prediction of the onset of motor symptoms,? allowing the study of
individuals decades before predicted onset. A new classification sys-
tem for the stages of HD has been developed, with stages 0, 1, and 2
representing HD gene expanded (HDGE) individuals.? Individuals can
exhibit cognitive, psychiatric, and brain changes detectable up to 15
years before clinical motor diagnosis,*> and we have recently shown
this at even earlier stages of the disease.®” The neurodegeneration in
presymptomatic HDGE individuals is well established and is particu-
larly severe in the striatum,*%? with loss of GABAergic medium spiny
projection neurons.'© However, as the disease progresses into more
advanced stages, neurodegeneration becomes more widespread in the
cortex and white matter.”11

Given the early disruption of the frontostriatal networks in HD,1!
much of the research into cognitive deficits has focused on the exec-
utive function of cognitive flexibility, which is subserved by these
networks'213 and shows early disruption in HD.14-16 However, we
have discovered that there are also early deficits in sustained atten-
tion, as measured by the Cambridge Neuropsychological Test Auto-
mated Battery (CANTAB) Rapid Visual Information Processing (RVP)
task. Our previous study using the HD Young Adult Study (HD-YAS)
cohort, which is the earliest and furthest from motor-onset adult
HD group studied to date, detected an early subtle deficit in sus-
tained attention in HDGE individuals compared to healthy controls
(HCs). However, these tests did not survive correction for multiple
comparisons in a broad neuropsychological battery.® In our recent
follow-up study, 4.5 years later, this deficit in sustained attention had
become more pronounced at the cross-sectional level and survived
multiple corrections.” While attentional impairments have been doc-
umented in later stages of HD,'7-18 sustained attention deficits have
not been extensively studied in the earliest stages of the disease. Pre-
vious research has predominantly focused on cognitive flexibility and
other executive functions, with sustained attention often overlooked
or assumed to remain intact until more advanced disease stages.

While the neural substrates of cognitive inflexibility in HD have been
explored, the neural mechanisms underlying early sustained atten-
tional impairments in HD remain poorly understood. Previous studies
have shown that sustained attention performance in healthy indi-

viduals is predominantly supported by frontoparietal networks,?20

but also involves basal ganglia structures, including the lentiform
nucleus,?° of which the putamen is part. Given that sustained atten-
tion is supported by regions known to be disrupted early in HD,
it is critical to investigate whether and how these networks con-
tribute to attentional deficits well before clinical motor diagnosis.
Understanding these mechanisms could provide novel insights into the
cognitive pathophysiology of HD and identify potential early cognitive
biomarkers for intervention.

In the present study, we examined performance on the CANTAB
RVP in a group of far-from-clinical-motor-onset HDGE participants in
the HD-YAS.%7 Specifically, we used resting-state functional magnetic
resonance imaging (fMRI) to examine the association between the
functional connectivity (FC) in predefined frontoparietal networks and
separate performance on the sustained attention detection threshold
(RVP A’) of the CANTAB RVP, both cross-sectionally and longitudinally
over a 4.5 year follow-up. Based on our previous findings, we hypothe-
sized that the HDGE group would show a deficit in sustained attention
cross-sectionally compared to HC but would not show longitudinal
decline.” In addition, the FC associated with RVP performance would
be altered in the HDGE group compared to HCs.

2 | MATERIALS AND METHODS
2.1 | Participants

This study used a subset of right-handed participants drawn from a
larger cohort of 131 individuals (64 HDGE and 67 HCs) originally
recruited as part of the HD-YAS study,® with 103 (57 HDGE and 46
HCs) returning for longitudinal follow-up = 4.5 years later.” From this
original cohort, all right-handed participants with longitudinal resting-
state fMRI data were included. This resulted in a final sample of 71
(43 HDGE and 28 HCs; see Table 1). Participants were excluded if they
were left-handed (n = 10), lacked longitudinal imaging data (n = 16),
or failed quality control (n = 6; Table S1 in supporting information for
comparisons). Participants in the two groups were closely matched for
age, sex, education, and 1Q (measured by the National Adult Read-
ing Test [NART]), and assessed by an experienced HD clinician at
the National Hospital for Neurology and Neurosurgery, London, UK.
HDGE participants showed no clinical motor signs of disease (Uni-
fied Huntington’s Disease Rating Scale Total Motor Score [UHDRS
TMS] < 5) and had a disease burden score < 240 (calculated as age
x [CAG - 35.5]), corresponding to an estimated > 18 years from pre-
dicted clinical motor diagnosis. All HDGE participants were stages O
or 1 on the HD Integrated Staging System (HD-ISS; Figure S1 in sup-
porting information).> CAG repeat length was determined in a single
laboratory. Controls were either expansion-negative family members
or individuals with no familial risk of HD. All participants provided
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HDGE (n = 43) HC (n = 28) tvalue/x2 p value Effect size
Age (time 1) 30.13(5.67) 29.81(5.95) -0.22 0.82 0.06
Age (time 2) 34.80(5.61) 34.62(6.11) -0.12 0.90 0.03
1Q (NART) 102.86 (6.63) 105.93(8.38) 1.63 0.11 0.42
Education (time 1) 4.23(0.95) 4.43(0.92) 0.87 0.39 0.21
Education (time 2) 4.67 (0.64) 4.71(0.85) 021 0.83 0.05
Sex 48.84% Females (21) 57.14% Females (16) 0.20 0.66 0.00
Interval (years) 4.70(0.54) 4.84(0.63) 0.97 0.34 0.24

CAG 42.05 (1.54) 39-46

CAP100 (time 1) 55.72(8.26) 41.57-76.90
CAP100 (time 2) 64.55 (8.25) 48.55-86.70
HD-ISS stage O (time 1) 86.05% (37)

HD-ISS stage 1 (time 1) 13.95% (6)

HD-ISS stage O (time 2) 65.12% (28)

HD-ISS stage 1 (time 2) 34.88% (15)

Notes: Age represented as mean (standard deviation); IQ NART represented as mean (standard deviation); Education—International Standard Classification
of Education represented as mean (standard deviation); Sex—percentage (and count) of female participants in each group; Interval (years)—average time
interval between time 1 and time 2 cognitive assessments (in years) represented as mean (standard deviation); CAG—Number of CAG repeats represented as
mean (standard deviation) minimum-maximum; CAP100—CAG-Age Product scaled to 100 an index combining CAG repeat length and age to estimate disease
burden represented as mean (standard deviation) minimum-maximum; HD-ISS stage represented as percentage (and count); time 1/time 2 indicate the two

assessment points in the longitudinal study.

Abbreviations; CAG, cytosine-adenine-guanine; HC, healthy control; HDGE, Huntington’s disease gene expansion; HD-ISS, Huntington’s Disease Integrated
Staging System; IQ (NART), Intelligence Quotient assessed using the National Adult Reading Test.

written informed consent according to the Declaration of Helsinki,
and the study was approved by the Bloomsbury Research Ethics
Committee (reference 22/LO/0058).

2.2 | CANTAB RVP task

The CANTAB RVP is a 10 minute test which measures sustained atten-
tion by presenting a rapid stream of digits and requiring participants to
detect target sequences. A white box is displayed in the center of the
screen in which digits 2 through 9 are rapidly presented at 100 digits
per minute. Participants are required to detect target sequences (e.g.,
3-5-7, 2-4-6, or 4-6-8) and respond to this target sequence as quickly
as possible. A schematic of the CANTAB RVP is presented in Figure 1.
The outcome measure of interest is the sustained attention measure,
RVP A’ which is the signal detection measure of a subject’s sensitivity
to the target sequence, regardless of response tendency.? In addition,
we also examine the RVP median latency, which is the median response

latency on trials in which the subject responded correctly.
2.3 | Behavioral analysis
Linear mixed-effects models were used to examine both cross-

sectional and longitudinal changes in behavioral performance across
groups. Models included fixed effects for time, group (HDGE vs. HC),

and the group x time interaction to assess differential trajectories over
time. Covariates included age, sex, |Q, and interval between cognitive
visits, which were entered as fixed effects. All analyses were conducted
using the Imer function from the nlme R package.

Model comparisons and significance testing were performed using
the analysis of variance (ANOVA) function to evaluate main effects
and interactions. To account for multiple comparisons, the Benjamini-
Hochberg procedure was applied, and the false discovery rate (FDR)
was controlled a priori at g < 0.15,21 consistent with previous HD-
YAS publications.®”14 Both uncorrected and adjusted p values are
reported, and effect sizes are reported as partial eta squared for
interpretability (\\5).

In addition, in the HDGE group only, we assessed the Pearson
correlation between sustained attention (RVP A’) and age, CAG, CAG-
Age Product (CAP100), age x CAG, and HD-ISS using cor.test in R,

separately for baseline and follow-up performance.

2.4 | Image acquisition

All MRI data were acquired on a 3-Tesla Prisma scanner (Siemens
Healthcare) with a radiofrequency body coil for transmission and a 64-
channel head coil for signal reception using a protocol optimized for
this cohort.®” The T1-weighted (T1w) images were acquired using a
3D magnetization-prepared rapid gradient echo sequence with a rep-
etition time (TR) = 2530 ms and time to echo (TE) = 3.34 ms; inversion
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RESEARCH IN CONTEXT

1. Systematic review: While early cognitive changes in
Huntington'’s disease (HD) are well documented, no stud-
ies have longitudinally examined sustained attention or
its neural correlates using resting-state functional mag-
netic resonance imaging in HD gene-expanded (HDGE)
young adults. We discovered sustained attention deficits
with a large effect size, which did not decline further over
~ 4.7 years. We also determined the underlying neural
basis of these deficits.

2. Interpretation: We demonstrate that sustained atten-
tion deficits in HDGE individuals are present early and
decades prior to predicted clinical motor onset. These
deficits are associated with altered functional connec-
tivity (FC) in attention-related brain networks, including
occipital, opercular, and lentiform regions. Our findings
suggest that deficits in sustained attention are robust and
may possibly be evident prior to impairments in cognitive
flexibility and are underpinned by distinct neural changes.

3. Future directions: Further research should explore
whether these FC alterations can serve as early biomark-
ers and whether they represent neurodegenerative or

neurodevelopmental processes.

FIGURE 1 Schematic of the Cambridge Neuropsychological Test
Automated Battery Rapid Visual Information Processing task.

time of 1100 ms, flip angle of 7°, field of view = 256 mm?Z; 64 slices
of 1.0 mm thickness were collected. The resting-state T2*-weighted
images were acquired with a TR = 3360 ms and TE = 30 ms; field
of view = 192 mm?2, flip angle of 90°; 48 slices of 2.5 mm thickness
were collected anterior to posterior in the transverse orientation. Field
maps were collected to correct for inhomogeneity in the BO field of the
echo planar imaging (EPI) fMRI images: TR = 1020 ms; TE1 = 10 ms;
TE2 = 12.46 ms. Sixty-four slices were acquired with 2 mm slice thick-
ness with an in-plane field of view of 192 x 192 mm?2, with 3 x 3 mm?

resolution.

2.5 | Image pre-processing

Pre-processing was conducted in SPM 12 (https://www.fil.ion.ucl.
ac.uk/spm/software/spm12/). The first five EPI images (out of 165
images) were discarded to allow for steady-state equilibrium. Func-
tional images were slice-timing corrected, realigned and unwrapped
to correct for head movements and EPI distortions; co-registered and
segmented to normalize images into standard space based on the
Montreal Neurological Institute (MNI) template, for group level anal-
ysis; and smoothed with an 8 mm full-width half-maximum (FWHM)
Gaussian kernel, to account for residual inter-subject differences. The
default SPM12 steps were used. We used the FMRIB Software Library
(FSL) motion outliers’ function to determine the framewise displace-
ment of each image. We determined that participants with mean
framewise displacement (FD) > 0.20 mm would be excluded.??2 Move-
ment was small in the cohort and no participants were excluded.
However, to reduce movement confounds, FD was added as a covariate
in the imaging analyses.

We specified 22 regions of interest (ROIs) based on previous
imaging studies of the RVP task.1%20 These were the left and right
middle frontal gyrus, inferior frontal gyrus (IFG; parcellated into
orbitalis, triangularis, and operculum), supplementary motor area
(SMA), middle occipital gyrus, superior parietal gyrus, inferior parietal
gyrus, lentiform nucleus (averaged from the putamen and globus pal-
lidus), caudate and thalamus. ROls were defined using the automated
anatomical labeling (AAL) atlas 3.2%

After the pre-processing steps, the data were entered into the
CONN toolbox?* release 22v24072° implemented in SPM.2¢ Poten-
tial outlier scans were identified using ART?” as acquisitions with
FD > 0.9 mm or global blood oxygenation level dependent (BOLD) sig-
nal changes above five standard deviations,?? and a reference BOLD
image was computed for each subject by averaging all scans excluding
outliers. In addition, functional data were denoised using a standard
denoising pipeline,?8 including the regression of potential confound-
ing effects characterized by white matter timeseries (16 CompCor
noise components), cerebrospinal fluid (CSF) timeseries (16 CompCor
noise components), realignment regressors (6 components), outlier
scans (below 29 factors),?? session and task effects (2 factors), and
linear trends (2 factors) within each functional run, followed by band-
pass frequency filtering of the BOLD timeseries?? between 0.008 Hz
and 0.1 Hz. CompCor3°3! noise components within white matter and
CSF were estimated by computing the average BOLD signal as well
as the largest principal components orthogonal to the BOLD average,
and outlier scans within each subject’s eroded segmentation masks.
From the number of noise terms included in this denoising strategy,
the effective degrees of freedom of the BOLD signal after denoising
were estimated to range from 125.5 to 145.9 (average 143.6) across
all subjects.

ROI-to-ROI connectivity matrices were estimated characterizing
the FC between each pair of regions among 24 ROlIs. FC strength was
represented by Fisher-transformed bivariate correlation coefficients
from a general linear model (weighted-GLM),32 estimated separately

for each pair of ROIs, characterizing the association between their
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BOLD signal timeseries. Individual scans were weighted by a boxcar
signal characterizing each individual task or experimental condition,
convolved with an SPM canonical hemodynamic response function, and
rectified. The putamen and globus pallidus values were then averaged
to comprise the lentiform nucleus, which resulted in a 22 x 22 weighted
connectivity matrix for each participant. These values from the stan-
dardized weighted connectivity matrices were used to perform the
correlation analyses with RVP detection threshold in R.

2.6 | Network analysis

Linear mixed-effects models were used to examine both cross-
sectional and longitudinal changes in the association between sus-
tained attention and FC across groups. Models included fixed effects
for time, group (HDGE vs. HC), and the group x time interaction
to assess differential trajectories over time. Covariates included the
mean FD for each participant, which were entered as fixed effects.
All analyses were conducted using the Imer function from the nime R
package.

Model comparisons and significance testing were performed using
the ANOVA function to evaluate main effects and interactions. To
account for multiple comparisons, the Benjamini-Hochberg procedure
was applied, and the false discovery rate (FDR) was controlled a pri-

ori at g < 0.15,2% 6714

consistent with previous HD-YAS publications.
Both uncorrected and adjusted p-values are reported for those sur-
viving multiple corrections, and effect sizes are reported as partial eta

squared for interpretability (\\g).

2.7 | Data availability

We are committed to data sharing while maintaining confidentiality
due to the sensitive and potentially identifiable nature of these data.
Biofluid samples will not be shared due to the limited amount of mate-
rial available. The remaining samples will be required for replication
for the next HD-YAS visit. Upon reasonable request, data will be made
available 24 months after the end of data collection, through applica-
tion via University College London (UCL) to the principal investigator,
Professor Sarah Tabrizi. Researchers will be required to submit a pro-
posal meeting the research criteria and must demonstrate full General
Data Protection Regulation compliance. A data access agreement with

UCL will be required.

3 | RESULTS
3.1 | Behavioral results
3.1.1 | Longitudinal mixed model

There was significantly poorer sustained attention (RVP A’) in the

HDGE group compared to controls (Figure 2), as evidenced by the sig-
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FIGURE 2 Performance onthe Cambridge Neuropsychological
Test Automated Battery (CANTAB) Rapid Visual Information
Processing (RVP) task: (A) represents the sustained attention
performance (RVP A’), (B) represents the reaction time performance
(RVP Median Latency). The HDGE Time 1 is displayed in orange,
HDGE time 2 in yellow, and HC time 1 in blue and HC time 2 in cyan. *
p <0.05,** p <0.01. HC, healthy control; HDGE, Huntington’s disease
gene expansion.

nificant group effect (8 =-0.03, F[1,65] = 11.46, p=0.001, p,4; = 0.006,
\\,2,: 0.15, 95% ClI [-0.04, -0.008]). There was no significant main
effect of time, over the 4.7 year period (8 = 0.003, F[1,69] = 0.11,
p = 0.75, pag= 0.76, \\2 0.001, 95% CI [-0.01, 0.02]); similarly, the
group x time interaction effect was not statistically significant (8 = -
0.003, F[1,69] = 0.10, p = 0.76, pyq;= 0.76, \\f,: 0.001, 95% CI [-0.02,
0.02]). Importantly, for the median latency measure there was no
main effect of group (8 = -2.75, F[1,65] = 0.21, p = 0.65, p,gj= 0.76,
\\f,: 0.001, 95% CI [-36.6, 30.54]), time (B = 7.49, F[1,69] = 3.10,
p = 0.08, pyqj= 0.24, \\ﬁ: 0.04, 95% CI [-21.83, 36.82]), or inter-
action effect group x time (8 = 18.88, F[1,69] = 0.96, p = 0.33,
Pagj= 0.66, W= 0.01, 95% ClI [-18.80, 56.57]), suggesting that the
poorer performance was unrelated to sensorimotor differences.

3.1.2 | Correlations with disease metrics

There were no significant correlations at either time point between
sustained attention performance and age (r;; = -0.10, ps; =0.54; 1o = -
0.06, ps, = 0.71), CAP100 (r;; = 0.10, pt1 = 0.52; ry, = 0.05, pyp, = 0.75),
age x CAG (ry1 = -0.04, py1= 0.79; rp= -0.03, psp = 0.82), or HD-
ISS (r¢ = 0.10, pyg = 0.49; rip = 0.20, pip = 0.20). There was a trend
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FIGURE 3 Main effect of group for the association between FC and sustained attention performance: (A) represents the ROls and the
significant connections, (B) represents the strength of the correlation. HDGE is displayed in orange and HC in blue. FC, functional connectivity; HC,
healthy control; HDGE, Huntington’s disease gene expansion; IFG, inferior frontal gyrus; ROI, region of interest; RVP A’ sustained attention
detection threshold of the Cambridge Neuropsychological Test Automated Battery Rapid Visual Information Processing.

association between sustained attention and CAG at time 1 (r;; = 0.28,
p1 = 0.07) but not at time 2 (r;, = 0.13, p;o = 0.40).

3.2 | Functional connectivity results
3.2.1 | Longitudinal mixed model

For the neuroimaging data, there was a significant main effect
of group (Figure 3) for the correlation between sustained atten-
tion and FC between the left middle occipital and right operculum
(ruc = -0.26, rypge = 0.33, B = 2.52, F[1,134] = 11.13, p = 0.001,
Padj = 0.099, \\,2,= 0.08, 95% CI [0.72, 4.33]) and the right lentiform
nucleus and left orbitalis region (ryc = 0.32, rppge = -0.27, 8 = -1.41,
F[1,106.51] = 10.54, p = 0.002, pyg; = 0.099, \\5: 0.09, 95% Cl [-2.74,
-0.09]). There was a significant main effect of time (Figure 4) for the
right lentiform nucleus and the right middle frontal gyrus (rrq = 0.24,
rrp=-0.14,8=-2.10,F[1,134] = 9.58,p=0.002, paq; = 0.011, \\5: 0.07,
95% CI [-3.73, -0.47]). Importantly, there were significant interaction
effects for group x time (Figure 5) for the left lentiform nucleus and
right SMA (ryct1 = -0.54, rycte = 0.32, rypget1 = 0.02, rypger2 = -
0.25, 8 = -3.71, F[1,134] = 11.35, p = 0.0001, p,qg; = 0.099, \\5: 0.08,
95% CI [-5.83, -1.60]) and the left superior parietal cortex and the
left orbitalis region (ryct1= 0.05, rycto= -0.42, rypger1= -0.46,
rupce2 = 0.08, B = 3.41, F[1,90.69] = 8.97, p = 0.004, p,qj= 0.13,
\\f,: 0.09, 95% CI [1.23, 5.60]). All statistically significant results,
including those that did not survive correction, are included in Table S2

in supporting information.

4 | DISCUSSION

We examined sustained attention in a large very-far-from-clinical-
motor-onset HDGE group from HD-YAS,®’ the earliest adult HDGE
cohort studied to date. The key findings were that sustained atten-
tion, but not reaction time, was disrupted early in HDGE individuals
cross-sectionally, potentially as early as previous changes observed for
cognitive flexibility.14-1¢ This poorer performance was associated with
aberrant FCin brain regions known to be important in attentional func-
tion. In addition to the cross-sectional changes, there were longitudinal
alterations in FC supporting attention in the HDGE group.

4.1 | Behavioral findings

Our behavioral results demonstrated that the HDGE group had an
early deficit in sustained attention compared to controls, as evidenced
by the main effect of group, with a large effect size (\\5: 0.15, ~
d = 0.84). This is consistent with our own previous findings in the
full YAS-HD cohort, in which at baseline there was statistically poorer
sustained attention in HDGE, albeit that did not survive correction
for multiple comparisons.® At 4.5 year follow-up, the cross-sectional
difference was more pronounced and survived multiple comparison
correction.” This was the first evidence of an early deficit in sustained
attention in HDGE individuals. Much of the literature has focused on

the early impairment in cognitive flexibility,!416

given the involve-
ment of the striatum in this cognitive function.'2-14 There have been

some reports of impaired sustained attention in HD,'7:18 at later
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stages of the disease. Hart et al.1” do include a group of “premanifest
patients earlier in disease progression, but do not show any differ-
ences in sustained attention compared to controls. This may be due
to the sensitivity of the CANTAB RVP to detect very early changes
in sustained attention. Despite the cross-sectional differences, there
was no measurable evidence of further longitudinal decline over the
4.7 years in the HDGE group, as evidenced by the non-significant
group x time interaction. Given this stability, it is possible that the
disrupted sustained attention may represent a neurodevelopmental

deficit rather than a neurodegenerative process in HD. Indeed, impair-
ments in CANTAB RVP are present and are known to be associated
with the IFG in the neurodevelopmental disorder of attention deficit
hyperactivity disorder,33 which has high heritability®* and is char-
acterized by symptoms of inattention, hyperactivity, and impulsivity.
However, the trend association with CAG in the present study, and
indeed our association with age and CAG in the full cohort,” suggests
that sustained attention may at least in part be related to HD progres-
sion. Further longitudinal follow-up may be able to better elucidate the
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relative contribution of neurodevelopmental and neurodegenerative
impairments.

4.2 | Functional connectivity

FC analyses revealed altered neural correlates of sustained atten-
tion in HDGE individuals. Specifically, the significant main effect of
group demonstrated alterations to the relationship between sustained
attention and FC between the left middle occipital and right IFG oper-
culum, and between the right lentiform nucleus and left IFG orbitalis,
which suggests disrupted integration between the IFG and occipital
and striatal regions. Although this study used resting-state FC, the
interpretation of results is informed by task-based fMRI literature in
healthy individuals, which has consistently implicated these regions in
sustained attention.

The left middle occipital gyrus is a core region for visual processing,
responsible for early visual input and the perceptual encoding of visual
stimuli.®® Its connectivity with the right IFG operculum, a region impli-
cated in attention selection, response inhibition, and task switching,3¢
suggests a mechanism by which visual information is modulated for
goal-directed behavior. Disruptions in this pathway may impair the top-
down control of visual attention, reducing the ability to filter irrelevant
stimuli or maintain focus over time. In HC, FC between the left mid-
dle occipital gyrus and right IFG operculum was negatively correlated
with sustained attention (r = -0.26), suggesting that greater connec-
tivity between these visual and frontal regions may reflect inefficient
engagement of a network not typically required for optimal attention.
In other words, better performance in HC may rely on more stream-
lined or specialized circuits, with reduced reliance on visual-frontal
coupling. In contrast, HDGE individuals showed a positive correla-
tion (r = 0.33), indicating that they may be recruiting this pathway
as a compensatory mechanism to support attention. This increased
engagement could reflect an attempt to support attentional control
by drawing on additional sensory-executive resources in response
to early deficits elsewhere. However, whether this compensatory
strategy is effective or sustainable remains uncertain.

The involvement of the right lentiform nucleus, a structure within
the basal ganglia associated with motor control, and cognitive resource
allocation®” and the left IFG orbitalis, a region known for its role
in executive function, emotional regulation, and value-based deci-
sion making,383? suggests alterations in frontostriatal circuitry. These
circuits are essential for sustaining attention under cognitive load,
dynamically adjusting effort, and managing competing demands. The
FC between the right lentiform nucleus and left IFG orbitalis was
positively associated with sustained attention in HC (r = 0.32), sug-
gesting that stronger frontostriatal coupling supports better sustained
attention. This is consistent with known roles of frontostriatal cir-
cuits in cognitive control, effort regulation, and the suppression of
distractions. However, HDGE individuals showed a negative correla-
tion (r = -0.27) in this pathway, implying that greater engagement of
this circuit was linked to poorer performance, potentially reflecting a

pathological shift in how these regions interact. Rather than facilitating

sustained attention, the increased FC in HDGE may represent inef-
fective or dysregulated recruitment of this network under increased
cognitive demand.

In addition, there were significant group x time interactions in the
association between sustained attention and FC between parietal,
frontal, and motor regions, specifically the left lentiform nucleus and
right SMA and the left superior parietal cortex and the left IFG orbitalis.
The involvement of the left lentiform nucleus and the right SMA points
to possible disruptions in motor-cognitive integration, which is crit-
ical for sustaining goal-directed behavior over time.*° The lentiform
nucleus, which includes the putamen and globus pallidus, plays a vital
role in regulating motor function and attention.3” Alterations in its FC,
particularly with frontal motor areas like the SMA, could reflect com-
pensatory recruitment or early motor dysfunction, particularly in HD
where neurodegeneration affect the frontostriatal circuits.

When considering the specific correlation coefficients between sus-
tained attention and FC and how they change over time, the HC at
time 1 shows a moderate-to-strong negative correlation (r = -0.54),
indicating that greater FC between the lentiform nucleus and SMA
is associated with poorer sustained attention. This could reflect an
early, suboptimal state of network engagement, in which hypercon-
nectivity between subcortical motor and frontal regions may interfere
with attentional efficiency during initial task exposure. Interestingly,
by time 2, this correlation shifts to positive (r = 0.32), suggesting a
refinement of the network, when increased FC may now support rather
than hinder attentional performance, consistent with compensatory or
adaptive plasticity in HC. This is unlikely to be due to a learning effect
as in the CANTAB RVP the digit presentation is randomized, and the
task has good test-retest reliability over time.*!

In contrast, HDGE individuals show no meaningful association at
time 1 (r = 0.02), suggesting that the lentiform nucleus-SMA network
may not be engaged in sustained attention in the same way. By time 2, a
negative correlation emerges (r=-0.25), potentially indicating a lagged
or disrupted developmental trajectory. Rather than moving toward a
more efficient or supportive FC-attention relationship, HDGE partici-
pants appear to follow a delayed pattern that mirrors the earlier, less
optimized state seen in HC. This temporal lag suggests that HDGE
individuals may be delayed in the normal trajectory of network opti-
mization, possibly due to early neurobiological disruptions. The fact
that they begin to exhibit the same negative correlation HC showed
at baseline, but only at a later time point, may reflect a delayed or
impaired compensatory process.

The left superior parietal cortex is essential for attentional
control,*2 while the left IFG (orbitalis) is involved in inhibitory control,
task switching, and higher-order executive functions.?¢38 Altered FC
between these regions may indicate a breakdown or reorganization
of the dorsal attention network and frontoparietal control network,
both of which are heavily implicated in sustained attention. These
patterns of correlation coefficients support a pathological interpreta-
tion in HDGE individuals, though with a nuanced temporal profile. In
HC, the correlation between superior parietal cortex and IFG orbitalis
connectivity and sustained attention shifts from near zero at time 1

(r = 0.05) to a moderate negative correlation at time 2 (r = -0.42),
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suggesting that as this network becomes more engaged over time,
it may do so inefficiently, reflecting compensatory activation under
increasing cognitive demands. In contrast, HDGE individuals show a
moderate negative correlation at time 1 (r = -0.46), indicating early,
potentially strained engagement of this frontoparietal circuit. By time
2, however, this association weakens considerably (r = 0.08), suggesting
a breakdown or disengagement of the network. This trajectory implies
that HDGE participants prematurely enter a dysfunctional network
state that HCs only develop later and, unlike HCs, fail to reorga-
nize or sustain adaptive engagement. The overall pattern is consistent
with early, inefficient compensation followed by functional decline,
supporting a pathological trajectory in HDGE individuals.

Overall, the results demonstrate frontostriatal circuit alterations
in HDGE individuals, confirming previous publications.11144344 Qur
findings provide the first evidence that these circuit connectivity
changes also disrupt sustained attention. In addition, there are early
alterations in frontoparietal and fronto-occipital networks in HDGE

that affect sustained attention.

5 | CONCLUSION

Our novel findings demonstrate a cross-sectional, but not longitudinal,
deficit in sustained attention in HDGE individuals, which was asso-
ciated with aberrant FC in brain regions known to be important in
attentional function. These findings support known evidence of early
cognitive dysfunction in HD, such as deficits in cognitive flexibility. It is
possible that the deficits noted in cognitive flexibility may potentially
result from the problems in sustained attention.*> Furthermore, our
results highlight potential compensatory and pathological changes in
distributed brain circuits prior to clinical motor diagnosis. In addition,
these mechanisms provide novel insights into the cognitive patho-
physiology of HD and identify potential early cognitive biomarkers for
intervention. This study is the first to show that sustained attention is
disrupted early in HDGE individuals.
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