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A B S T R A C T

Background: Huntington’s disease is an inherited neurodegenerative disorder affecting striato-cortical circuits, 
with significant heterogeneity in the severity and progression of symptoms and neurodegenerative patterns.
Objectives: To identify how distinct functional striato-cortical connectivity signatures may predict clinical profiles 
in Huntington’s disease.
Methods: Thirty-eight Huntington’s disease gene expansion carriers underwent cross-sectional motor, cognitive, 
and behavioral assessments and multimodal MRI. Principal component analysis was employed to characterize 
Huntington’s disease clinical profiles. Next, seed-based whole-brain functional connectivity maps were derived 
for three basal ganglia seeds (caudate nucleus, putamen, nucleus accumbens) to delineate cortico-striatal con
nections. Multiple linear regressions assessed relationships between resulting clinical profiles and seed-based 
resting-state functional connectivity maps. Finally, basal ganglia gray matter volumes were examined in rela
tion to clinical profiles and connectivity.
Results: Principal component analysis identified two main clinical profiles in Huntington’s disease: motor- 
cognitive and behavioral. Multiple linear regression models revealed distinct functional neural signatures 
associated with each profile. Motor-cognitive symptoms related with a divergent connectivity pattern, specif
ically decreased connectivity between the caudate and putamen with executive and premotor areas, in contrast 
to increased connectivity between the ventral nucleus accumbens and executive network regions. Meanwhile, the 
behavioral profile was linked to decreased connectivity in limbic networks. Basal ganglia atrophy was associated 
with increased nucleus accumbens-cortical connectivity as well as motor-cognitive symptom severity.
Conclusions: Distinct Huntington’s disease clinical profiles can be characterized by predominantly motor- 
cognitive or behavioral disturbances, each related with unique functional and structural brain signatures. This 
substantiates that striato-cortical circuits exhibit functional interaction and potential reorganization.

1. Introduction

Huntington’s disease (HD) is an inherited, progressive 

neurodegenerative disease caused by a cytosine-adenine-guanine (CAG) 
trinucleotide repeat expansion in the HTT gene (MacDonald et al., 
1993). Despite its monogenic etiology, HD demonstrates significant 

Abbreviations: CAG, cytosine-adenine-guanine; HD, Huntington’s disease; PCA, principal component analysis; UHDRS, Unified Huntington’s Disease Rating Scale.
* Corresponding author at: Cognition and Brain Plasticity Unit, IDIBELL (Institut d’Investigació Biomèdica de Bellvitge), Feixa Larga S/N, 08907 L’Hospitalet de 
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heterogeneity in the age of onset and clinical presentation of motor, 
cognitive, and psychiatric symptoms. This produces diverse disease 
trajectories among affected individuals, even between monozygotic 
twins (Georgiou et al., 1999). For example, certain patients exhibit 
motor symptoms at disease onset, but with minimal mood changes (Kim 
et al., 2015). Others may present with psychiatric and/or cognitive al
terations in the absence of motor symptoms, with involuntary move
ments emerging later (Considine et al., 2023; Vinther-Jensen et al., 
2014). Still others may experience motor, mood, and cognitive symp
toms simultaneously, further underscoring the heterogeneous nature of 
HD (Waldvogel et al., 2012). This variability suggests distinct clinical 
profiles in HD. However, the relationships between symptom domains 
remain poorly understood, as does the extent to which specific symp
toms are associated within certain profiles or how these associations 
evolve with brain structure and function.

Neurodegeneration in HD initially affects striato-cortical circuits 
(Tabrizi et al., 2013; Aylward et al., 2011; Domínguez Duque et al., 
2013; Zeun et al., 2019; Zhang et al., 2018; Aylward et al., 2004; 
Georgiou-Karistianis et al., 2013; Douaud et al., 2009) beginning in the 
premanifest phase (McColgan et al., 2015; Niccolini and Politis, 2014). 
This degeneration likewise exhibits individual differences in regional 
and temporal changes, potentially explaining the observed clinical 
variability. For example, brain atrophy and cellular loss in the cerebral 
cortex is regionally heterogeneous (Waldvogel et al., 2014; Vonsattel 
et al., 1985), and distinct patterns of cortical thinning were associated 
with differing motor-manifest phenotypes (i.e., bradykinesia/rigidity/ 
dystonia- vs. chorea-predominant), while striatal volumes remained 
similar (Rosas et al., 2008). At a cellular level, impairments within 
neuronal populations have been linked with unique clinical profiles in 
HD, such as specific patterns of neuronal loss associated with motor, 
mood, and mixed (motor and mood) profiles (Mehrabi et al., 2016; Nana 
et al., 2014; Thu et al., 2010; Tippett et al., 2007). Meanwhile, Garcia- 
Gorro et al. (2019) employed a multivariate multimodal structural 
neuroimaging approach and identified unique neurobiological signa
tures associated with two different symptom profiles (Garcia-Gorro 
et al., 2019). Cognitive and motor symptoms were linked to reductions 
in gray matter volume, cortical thickness, and white matter integrity 
within cognitive and motor territories; conversely, depressive symptoms 
were characterized by reduced cortical thickness in limbic and para
limbic regions. However, these studies have focused on linking neural 
patterns to isolated symptoms rather than considering the complete 
clinical profile of HD. This narrow focus limits understanding of how 
different networks and symptom domains interact and overlap.

More generally, modulations of functional and microstructural con
nectivity have been related with symptom variability in both pre
manifest and manifest HD across motor, cognitive, and psychiatric 
domains (De Paepe et al., 2019; Garcia-Gorro et al., 2018; Garcia-Gorro 
et al., 2019; Harrington et al., 2016; Müller et al., 2016; Odish et al., 
2015; Poudel et al., 2014; Quarantelli et al., 2013; Werner et al., 2014; 
Wolf et al., 2014; Novak et al., 2015). Interestingly, HD exhibits diver
gent spatiotemporal connectivity patterns, with increased resting-state 
connectivity observed in the sensory-motor network and decreased 
connectivity in the executive network (Gregory and Scahill, 2018; Pini 
et al., 2020). Of note, an increase in functional connectivity, particularly 
when coupled with preserved motor or cognitive performance despite 
brain atrophy, is proposed as evidence of compensatory mechanisms or 
potential brain reorganization in HD (Gregory et al., 2017; Gregory 
et al., 2018; Klöppel et al., 2015; Soloveva et al., 2018; Soloveva et al., 
2020; Pini et al., 2020).

Given the early and striking striatal degeneration in HD coupled with 
disruptions in structural and functional connectivity, one source of 
symptom variability may lie in the differential neurodegeneration of 
distinct striato-cortical circuits. The striato-cortical circuits are 
comprised of sensory-motor (putamen to motor, premotor, and senso
rimotor areas), associative (caudate to dorsolateral and ventrolateral 
prefrontal cortices), and limbic networks (ventral striatum/nucleus 

accumbens to orbitofrontal, ventromedial prefrontal, and anterior 
cingulate cortices) (Haber, 2016). While each of these circuits has 
distinct functions (e.g., associative with executive functioning and 
limbic with reward and emotional processing), inter-network in
teractions regulate motor, cognitive, and limbic functions, extending to 
resting-state networks (Choi et al., 2012). Diffusion-weighted magnetic 
resonance imaging studies in humans have confirmed the existence of 
partially overlapping projections within these striato-cortical loops 
(Draganski et al., 2008), exemplifying the crucial role that the striatum 
plays as a hub for motor, cognitive, and behavioral integration 
(Averbeck et al., 2014). Studying functional alterations both within and 
between networks is critical to better predict clinical deficits or pre
served performance, rather than focusing solely on connectivity imbal
ances within a single network (Zhang and Pini, 2024).

As such, the present study aimed to examine the dimensionality of 
clinical profiles in HD and explore the underlying neural patterns. This 
was carried out by investigating resting-state functional striato-cortical 
interactions across motor, cognitive, and limbic circuits, which may 
underlie individual differences in symptom domains.

First, principal component analysis of motor, cognitive, and behav
ioral clinical variables was employed to characterize symptomatic pro
files in HD. Second, multiple linear regressions with seed-based resting- 
state functional MRI connectivity metrics were performed to predict the 
severity of the resulting clinical profiles. Seeds of interest comprised the 
caudate nucleus, putamen, and nucleus accumbens. We hypothesized 
that striato-cortical brain network connectivity alterations (e.g., 
heightened or reduced brain activation) may explain symptom vari
ability. Lastly, structural brain atrophy analysis further explored the 
nature of connectivity patterns and clinical symptoms.

2. Methods

2.1. Participants

Thirty-eight HD gene-expansion carriers (20 manifest, 18 pre
manifest) participated in the current cross-sectional study (Age: 44.40 
± 11.38 years; Education: 12.16 ± 3.18 years; Sex: 25 female, 13 male). 
HD gene-expansion carriers possessed ≥ 39 CAG repeats. Although 
manifest HD is clinically diagnosed based on motor onset, cognitive, 
psychiatric, and functional disturbances can present before motor 
symptoms (Martinez-Horta et al., 2016; Thompson et al., 2012). As such, 
while not all participants demonstrated motor symptoms, each was a 
confirmed CAG gene-expansion carrier (43.97 ± 3.03 CAG repeats). In 
this way, we studied the disease as a continuum, consistent with pre
vious literature (Aracil-Bolaños et al., 2022).

No participants reported history of a traumatic brain injury or 
neurological disorder other than HD. The study was approved by the 
ethics committee of the Bellvitge Institute for Biomedical Research 
(IDIBELL) and Bellvitge Hospital in accordance with the Helsinki 
Declaration of 1975. All participants signed written informed consent.

2.2. Clinical evaluation

Three clinical domains (i.e. motor, cognitive, and behavioral) were 
evaluated (Table 1). Specifically, motor symptoms comprised sub
domains of the Unified Huntington’s Disease Rating Scale (UHDRS) 
(Huntington Study Group, 1996). The cognitive domain included mea
sures of cognitive flexibility (Trail Making Test B-A (Tombaugh, 2004), 
the Boston Naming Test (Kaplan et al., 1983), and cognitive domains of 
the UHDRS, namely measures of phonemic verbal fluency (F-A-S test) 
and processing speed and sustained attention (Symbol Digit Modalities 
Test, word-reading and color-naming components of the Stroop Test). 
Lastly, behavioral disturbances included the short-Problem Behavioral 
Assessment (McNally et al., 2015) domains (depressed mood, suicidal 
ideation, anxiety, apathy, perseveration, obsessive–compulsive behav
iors, delusions, hallucinations) and the Sensitivity to Punishment and 
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Sensitivity to Reward Questionnaire (Torrubia et al., 2001).

2.3. MRI data acquisition and processing

MRI data were acquired through a 3 T whole-body MRI scanner 
(Siemens Magnetom Trio; Hospital Clinic, Barcelona), equipped with a 
32-channel phased array head coil. Structural images were assessed 
using conventional high-resolution 3D T1-weighted images, using a 
three-dimensional Magnetization Prepared Rapid Gradient Echo (MP- 
RAGE) sequence (TR = 1970 ms; TE = 2.34 ms; TI = 1050 ms; flip angle 
= 9◦; 1 mm isotropic voxels; 208 sagittal slices; matrix = 208 × 256 ×
256; FOV = 256 with no gap between slices). Next, resting-state fMRI 
images were acquired with a gradient echo-planar imaging sequence 
(150 volumes; 30 axial slices; 3 mm in-plane resolution; 4 mm thickness; 
no gap; TR = 2000 ms; TE = 29 ms; flip angle = 80◦; FOV = 256 mm).

Please see Supplementary Material for structural MRI preprocessing 
methods.

With regards to resting-state fMRI, preprocessing and first-level 
analysis of fMRI data were conducted with the CONN-fMRI Functional 
Connectivity toolbox v1.2 (www.nitrc.org/projects/conn, RRID: 
SCR_009550) using standard pipeline protocols. Slice-timing correction 
was applied, followed by realignment of functional images to the first 
volume using rigid body spatial transformations to correct for motion 

artifacts. Next, structural images were co-registered with functional 
images. Images were spatially normalized to MNI space and resliced to a 
2-mm isotropic resolution and then smoothed using an isotropic 
Gaussian kernel (FWHM = 8 mm). To minimize potential confounding 
effects, we used ART-based scrubbing to detect and exclude motion 
related outlier volumes. Additionally, during denoising, we regressed 
out twelve motion-related covariates (six motion parameters and six 
temporal derivatives), along with white matter and cerebrospinal fluid 
physiological noise sources (Behzadi et al., 2007). Lastly, images were 
band-pass filtered (0.01 Hz ~ Inf) to attenuate low frequency drift and 
high-frequency noise artifacts. The average translation was 0.05 mm 
(SD = 0.03 mm) and the average rotation was 0.0008◦ (SD = 0.0005◦).

2.4. Statistical analysis

2.4.1. Clinical data dimensionality
Statistical analysis was carried out in R v. 4.3.3 (R Foundation for 

Statistical Computing, Vienna, Austria). Clinical data were 90 % win
sorized to reduce the effect of outliers and then standardized to Z-scores. 
Missing values for behavioral variables were replaced by their mean. 
Specific cognitive measures were reverse scored (i.e., multiplied by − 1) 
so that a more positive score indicated more severe symptoms for all 
domains. To identify different clinical profiles, we conducted principal 
component analysis (PCA) (no rotation) on the clinical data of HD pa
tients, with twenty-two variables for inclusion. The data satisfied con
ventional requirements for factor analysis with the Kaiser-Meyer-Olkin 
measure of sampling adequacy and Bartlett’s test of sphericity.

Main components were extracted based on eigenvalues > 1 and 
percent variance explained > 10 %. These components explained the 
majority of variance (i.e., ≥50 % cumulative variance). Extraction 
communality values illustrate the estimated variance of each item 
accounted for by the extracted factors. Individual patient’s loading 
scores on each extracted factor were then used as clinical profile vari
ables in the multiple linear regression neuroimaging analysis.

2.4.2. Seed-based resting-state fMRI connectivity and relationship with 
clinical profiles

First, we computed the mean time series for each basal ganglia seed. 
Seeds for functional connectivity analysis were bilaterally defined in the 
caudate nucleus, putamen, and nucleus accumbens using the Automated 
Anatomical Labeling (AAL) (https://www.gin.cnrs.fr/en/tools/aal/). 
Then, for each seed region, voxel-based Pearson correlation coefficients 
were calculated between the mean time series of the seed and the time 
series of all other voxels in the brain. These correlation coefficients were 
transformed into normally distributed Z-scores using Fisher’s trans
formation and were bilaterally averaged. Subsequently, the seed-based 
connectivity maps of individual patients were entered into a one- 
sample t-test to identify main connectivity effects for each seed.

Significant results for each seed-based striato-cortical connectivity 
analysis were reported using a threshold of P ≤ 0.05 with family-wise 
error correction for multiple comparisons at the whole-brain level.

Next, separate multiple linear regression models were created, cor
responding to each of the main components of the PCA analysis. These 
models employed the loading scores of the extracted factors of the PCA 
as the dependent variable and the seed-based connectivity maps 
(caudate, putamen, nucleus accumbens) as independent variables.

Statistical significance was identified at P < 0.001 and corrected for 
multiple comparisons at cluster level (P ≤ 0.05), with a minimum cluster 
size of k = 10 contiguous voxels. The maxima of suprathreshold regions 
were rendered onto a T1 structural template-image on the MNI reference 
brain for localization. Anatomic areas were identified using the Auto
mated Anatomical Labeling Atlas included in the xjView toolbox (http 
s://www.alivelearn.net/xjview).

Table 1 
Clinical and neuroimaging characteristics of Huntington’s disease gene- 
expansion carriers.

Mean ± Standard 
deviation

Minimum Maximum

Motor ​ ​ ​
Oculomotor 2.82 ± 3.7 0 11
Dystonia 0.50 ± 0.9 0 3
Chorea 2.74 ± 3.5 0 13
Parkinsonism 2.71 ± 2.9 0 9
Residual motor 1.61 ± 2.0 0 7
Nine-Hole Peg Test 24.89 ± 6.0 15.50 39.75

Cognitive ​ ​ ​
Verbal fluency (F-A-S 

Test)
32.68 ± 13.9 14 69

Symbol Digit Modality 
Test

37.70 ± 14.8 12 65

Stroop word 77.60 ± 24.2 31 143
Stroop color 57.54 ± 18.6 6 98
TMT B-A 109.09 ± 86.6 10 356
Boston Naming Test 52.47 ± 3.8 41 59

Behavioral ​ ​ ​
Depressed mood 1.62 ± 2.8 0 12
Suicidal ideation 0.46 ± 1.4 0 6
Anxiety 1.30 ± 1.9 0 6
Apathy 3.73 ± 4.6 0 16
Perseveration 2.68 ± 3.8 0 16
Obsession-compulsion 0.87 ± 2.3 0 12
Delusions 0.62 ± 2.7 0 16
Hallucinations 0.16 ± 0.7 0 4
Sensitivity to 

Punishment
10.60 ± 6.3 0 23

Sensitivity to Reward 6.62 ± 3.8 0 15

Gray matter volume* ​ ​ ​
Caudate nucleus 1.64 × 10− 3 ± 4.26 ×

10− 4
8.56 ×
10− 4

2.5 × 10− 3

Putamen 2.12 × 10− 3 ± 5.50 ×
10− 4

1.28 ×
10− 3

3.41 ×
10− 3

Nucleus accumbens 1.94 × 10− 4 ± 4.84 ×
10− 5

9.20 ×
10− 5

3.08 ×
10− 4

*Averaged MRI volume across right and left hemispheres for each participant, 
normalized for Total Intracranial Volume.
TMT = Trail Making Test B-A.
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2.5. Data availability statement

The raw data supporting the findings of this study cannot be shared 
publicly as they contain clinical and genetic information sensitive to the 
Institution. In the interest of minimizing the risk of participant identi
fication, we will make the data available upon reasonable request to the 
corresponding author (ecamara@idibell.cat), with approval by the local 
institutional review board.

3. Results

3.1. Dimensionality of clinical profiles in HD

The data met the basic requirements for factor analysis per the 
Kaiser-Meyer-Olkin measure of sampling adequacy (KMO = 0.682) and 
Bartlett’s test of sphericity (P < 0.001). PCA resulted in six components 
with eigenvalues > 1 (Table S1). Of these, two main principal compo
nents cumulatively explained 50.6 % of variance and were thus the focus 
of further analyses. The first component (PC1) was robustly associated 
with motor-cognitive measures and explained 35.0 % of the variance, 
while the second component (PC2) consisted of behavioral measures, 
explaining 15.6 % of variance (Table 2; Fig. 1). Higher values reflect 
more severe dysfunction in that domain.

3.2. Resting-state connectivity maps of basal ganglia seeds

Whole-brain resting-state functional connectivity maps for each 
basal ganglia seed engaged well-established striato-cortical circuits 
(Table S2; Fig. S1). The caudate nucleus demonstrated connectivity with 
regions of executive networks, including the superior and medial frontal 
gyri, the dorsolateral prefrontal cortex, and the dorsal anterior cingu
late; the putamen exhibited connectivity with motor, premotor, and 
sensorimotor regions, such as the supplementary motor area and pre
central gyrus; lastly, the nucleus accumbens was associated with more 
ventral limbic connections, namely the orbitofrontal cortex, ventral 
anterior cingulate, and insula.

3.3. Relationship between functional connectivity and clinical profiles

Next, we investigated whether the two identified clinical profiles in 
HD (i.e., extracted principal components) were associated with specific 
neural functional connectivity signatures. To achieve this, two separate 
multiple linear regression models were performed, one for each main 
principal component (dependent variable), with the three basal ganglia 
seeds (caudate nucleus, putamen, nucleus accumbens) serving as inde
pendent variables (see Methods).

Functional connectivity analyses are presented for each seed 
(Table 3). Greater deficits in the motor-cognitive domain (PC1) were 
associated with altered connectivity between the three basal ganglia 
seeds and partially overlapping cortical networks, with dorsal striatal 
regions showing a decrease in connectivity and the nucleus accumbens 
exhibiting an increase in connectivity. Specifically, the putamen 
demonstrated reduced functional connectivity with the premotor 
network, particularly the supplementary motor area. The caudate nu
cleus showed reduced connectivity with the executive and premotor 
networks for PC1, encompassing cortical nodes such as the superior and 
medial frontal cortices extending to the supplementary motor area, as 
well as the left middle temporal lobe and parietal regions (Fig. 2). In 
contrast, the nucleus accumbens exhibited a significant increase in 
connectivity between similar executive networks, spanning territories 
such as the dorsolateral prefrontal cortex, medial frontal gyrus, and 
angular gyrus (Fig. 2). In terms of the behavioral dimension (PC2), 
decreased connectivity was found between the putamen and limbic 
networks.

3.4. Gray matter volume analysis

To better understand the divergent connectivity pattern of the main 
motor-cognitive profile, gray matter volumes of the three basal ganglia 
seeds (caudate nucleus, putamen, nucleus accumbens) were correlated 
with the principal component factor loading scores for each participant 
as well as the connectivity values between the nucleus accumbens and 
the corresponding cortical regions-of-interest. Due to non-normality 
(Shapiro-Wilks test), Spearman’s rho was used. Correlations were cor
rected using the false discovery rate, where P-adjusted (P-adj) ≤ 0.05 
was considered significant. Both raw P values and P-adj are reported.

Gray matter volumes of the three basal ganglia seeds showed a sig
nificant negative relationship with the motor-cognitive profile (PC1) 
(Fig. S2A). Specifically, more severe scores in the motor-cognitive 
dimension were associated with decreased gray matter volume in the 
caudate nucleus (r = − 0.803, P < 0.001, P-adj < 0.001), putamen (r =
− 0.780, P < 0.001, P-adj < 0.001), and nucleus accumbens (r = −

0.715, P < 0.001, P-adj < 0.001). Moreover, individuals with lower gray 
matter volume in the basal ganglia exhibited a greater increase in 
functional connectivity between the nucleus accumbens and executive 
network (Fig. S2B). This relationship was significant in the caudate 
nucleus (r = − 0.359, P = 0.027, P-adj = 0.041) and nucleus accumbens 
(r = − 0.333, P = 0.041, P-adj = 0.049).

4. Discussion

This study examined the clinical profiles of individuals with HD and 
their associations with striato-cortical resting-state functional connec
tivity patterns. Two distinct profiles were revealed: one characterized by 
motor and cognitive deficits, and the other by behavioral impairments. 
Analysis of striato-cortical networks indicated that these clinical profiles 
corresponded to unique and divergent connectivity patterns. The motor- 
cognitive profile accounted for the majority of variance and was asso
ciated with both decreased connectivity from the dorsal striatum 
(caudate nucleus and putamen) and increased connectivity from the 
nucleus accumbens to a broad network encompassing frontal, parietal, 
and temporal connections. In contrast, the behavioral profile showed a 
more focused reduction in connectivity, primarily involving limbic brain 

Table 2 
Principal component analysis of clinical assessment items (motor, cognitive, 
behavioral), component matrix.

Item* EC Component loadings

PC1: 
Motor-Cognitive

PC2: 
Behavioral

Oculomotor 0.746 0.827 0.037
Dystonia 0.740 0.791 − 0.017
Chorea 0.634 0.721 − 0.110
Parkinsonism 0.802 0.851 − 0.003
Residual motor 0.751 0.806 − 0.220
Nine-Hole Peg Test 0.691 0.786 0.096
Verbal fluency (F-A-S Test) 0.756 0.718 0.159
Symbol Digit Modality Test 0.788 0.883 0.031
Stroop word 0.824 0.810 0.036
Stroop color 0.670 0.684 0.174
TMT 0.683 0.788 0.018
Boston Naming Test 0.764 0.685 0.075
Depressed mood 0.862 − 0.307 0.796
Suicidal ideation 0.938 − 0.263 0.675
Anxiety 0.804 − 0.232 0.315
Apathy 0.863 0.195 0.729
Perseveration 0.699 0.133 0.763
Obsession-compulsion 0.752 − 0.004 0.448
Delusions 0.805 − 0.127 0.446
Hallucinations 0.809 − 0.071 0.538
Sensitivity to Punishment 0.828 0.182 0.324
Sensitivity to Reward 0.787 0.223 0.449
% Variance − 35.0 % 15.6 %

Factor loadings > 0.40 are highlighted in bold.
EC = extraction communality values; PC = principal component; TMT = Trail 
Making Test.
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regions.
To date, few studies have subdivided patients into distinct profiles 

based on neuroimaging metrics and phenotypic variability. One multi
variate multimodal neuroimaging study in a related cohort examined 
the neurobiological basis of interindividual differences and demon
strated that cognitive-motor and psychiatric symptom profiles show 
distinct patterns of brain changes (Garcia-Gorro et al., 2019). Another 
recent study examining 46 behavioral, cognitive, and motor phenotypic 
variables identified two principal components in HD: the first comprised 
cognitive, motor, and functional domains, while the second encom
passed behavioral variables (Fitt et al., 2024). These findings underscore 
a distinction between motor-cognitive and behavioral profiles in HD and 
align with the present results.

Notably, this study identified divergent patterns of connectivity 
directionality related to the motor-cognitive phenotype, which origi
nated from the dorsal striatum and nucleus accumbens. This suggests 
potential reorganization and interaction between topologically segre
gated networks in HD. Previous research using a mixed premanifest and 
manifest HD sample reported similar findings, showing reduced con
nectivity between the premotor cortex and the striatum in relation to 
increased motor symptoms (Kronenbuerger et al., 2019). Reduced 
striato-cortical connectivity between the caudate and premotor areas 
has been previously shown in a sample of premanifest HD individuals, 
although the relationship with clinical symptoms was not examined 
(Unschuld et al., 2012). Similarly using a seed-based approach, 
decreased connectivity within the motor network was associated with 
poorer motor abilities (Müller et al., 2016). However, the authors didn’t 
specifically assess striato-cortical connections. Also in line with our re
sults, motor symptomatology seems to be related to brain regions 
outside of the motor network, including the superior and inferior pari
etal cortices and precuneus (Werner et al., 2014).

In contrast, several studies using whole-brain independent compo
nent analysis observed increased connectivity within the motor network 
in manifest or combined manifest and premanifest HD samples, where 
higher connectivity correlated with more severe motor impairments 

(Werner et al., 2014; Wolf et al., 2014). Conversely, in premanifest HD, 
lower connectivity was associated with worsening motor function 
(Poudel et al., 2014). Despite methodological differences, these studies 
collectively suggest that while functional coupling between networks 
deteriorates as symptoms progress, there may also be increased coac
tivation within neural networks.

In the frontal and parietal brain regions (i.e., those involved in ex
ecutive functions), we observed contradictory patterns of striatal con
nectivity. As motor-cognitive symptom severity increased, we observed 
a spatial gradient in regions such as the right middle frontal gyrus, right 
dorsolateral prefrontal cortex, and angular gyrus, where dorsal striatal 
(i.e., caudate) connections weakened, but ventral striatal (i.e., nucleus 
accumbens) connections strengthened. Previous studies have reported 
increased striato-prefrontal connectivity, which was related to greater 
genetic burden and diminished cognitive performance (Kronenbuerger 
et al., 2019). In this study, we replicated these findings and further 
demonstrated that this increase is primarily driven by the nucleus 
accumbens, rather than the striatum as a whole. This relationship be
tween the motor-cognitive profile and the divergent connectivity 
pattern may suggest compensatory neural adaptations aimed at miti
gating the emerging motor-cognitive impairments, or simply aberrant 
connectivity that is part of the pathological neurodegenerative process. 
In this vein, exploratory post-hoc analyses revealed that as the volume of 
the nucleus accumbens decreased, its cortical connections increased.

Evidence for a possible compensatory functional reorganization can 
also be understood in light of histopathological evidence of dorsomedial 
to ventrolateral striatal neurodegeneration (Vonsattel et al., 1985; 
Paulsen, 2009; Vonsattel et al., 2011). Importantly, in HD, the relative 
preservation of the ventral striatum and limbic circuitry until later dis
ease stages raises the possibility that these circuits could serve as net
works for compensatory strategies, potentially mitigating early deficits 
in motor and cognitive functions through increasing activation. In this 
vein, increased activity within more preserved circuits has been linked 
to maintained performance in motor and cognitive tasks in premanifest 
and early manifest stages of HD (Gregory et al., 2017; Gregory et al., 

Fig. 1. Principal component analysis of clinical assessment items produced two main clinical profiles: motor-cognitive (PC1) and behavioral (PC2). (A) Component 
loadings of motor, cognitive, and behavioral variables on two main components. (B) Principal component analysis of projected weights (lengths) and correlations 
(directions) for each variable on two main components, with explained variance additionally indicated for each component (%).
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2018; Klöppel et al., 2015; Soloveva et al., 2018; Soloveva et al., 2020). 
Considering the functional gradient of the prefrontal cortex (Abdallah 
et al., 2022), putative compensatory mechanisms could still be applied 
in ventral regions that relate to simpler executive functions, while they 
are no longer possible for more complex functions relying on dorsal 
prefrontal cortical areas.

In contrast to the widespread connectivity associated with motor- 
cognitive deficits, behavioral symptoms were represented by a more 
limited connectivity network. The increased burden of behavioral issues 
(i.e., psychiatric disturbances and sensitivity to reward and punishment) 
was linked to altered connectivity between the putamen and both the 

parahippocampal gyrus and orbitofrontal cortex. While research on 
neuropsychiatric disturbances and intrinsic functional connectivity in 
HD is scarce, these brain regions are implicated in depression and apathy 
in other neurodegenerative diseases and in the general population 
(Thobois et al., 2010; Rolls et al., 2020; Benoit et al., 2002). In Parkin
son’s disease, decreased functional connectivity between the orbito
frontal cortex and parahippocampal gyrus has been associated with 
neuropsychiatric symptoms (Dan et al., 2017). Similarly, imbalances in 
orbitofrontal cortex connectivity may contribute to depression, as seen 
in healthy individuals, where reduced functional connectivity between 
the medial orbitofrontal cortex and parahippocampal gyrus correlates 
with depressive symptoms (Rolls et al., 2020). In HD specifically, 
decreased structural striato-cortical connectivity has been linked to 
greater depressive symptoms, though this was not consistently observed 
in functional connectivity analyses, indicating the need for further 
research to clarify these relationships (McColgan et al., 2017).

These findings have notable implications for the understanding of 
striato-cortical circuits in HD. Primarily, the two clinical profiles were 
represented not by isolated disruptions in distinct striato-cortical cir
cuits, but rather by an interplay of divergent connectivity patterns 
stemming from both dorsal and ventral regions. Overall, the cross-talk 
between striato-cortical circuits is evidenced by studies showing how 
specific cortical regions with distinct functions converge within the 
same striatal structures (Averbeck et al., 2014; Jarbo and Verstynen, 
2015). Several additional studies consistently highlight shared neural 
circuits underlying the connection between cognitive and motor func
tions (Suzuki et al., 2004; Oliveira et al., 2018; Plummer et al., 2013). 
Our results further support this cross-talk, demonstrating that striatal 
circuits don’t function in isolation.

Exploring differences in the onset and trajectories over time between 
the two connectivity patterns is an important avenue for future research. 
This understanding could yield critical insights into the prognostic im
plications of each pattern, enabling more accurate predictions of disease 
progression and facilitating healthcare interventions that aim to sustain 
functional capacity and delay disturbances across motor-cognitive do
mains. For example, distinct neural signatures may provide a basis for 
the selection of patients that may be more likely to benefit from ste
reotactic intervention, such as the stimulation or potentiation of nodes 
within disrupted or compensatory networks, providing an alternative 
clinical approach to forestall disease onset and progression. Addition
ally, connectivity biomarkers may serve as surrogate outcomes for 
assessing the effectiveness of clinical interventions in premanifest HD. In 
summary, these findings further elucidate the identification of specific 
biomarkers related to clinical profiles in HD, with possible applications 
in patient selection and treatment assessment in clinical trials.

This study is not without limitations. First, rs-fMRI acquisition pa
rameters were restricted to only 150 volumes and 4 mm slice thickness, 
with a total scan time of five minutes (TR = 2000 ms and no gap). 
Second, the lack of control subjects limits our ability to elucidate if the 
alterations in brain connectivity profiles represent underlying hypo- or 
hyperconnectivity. For this reason, our study focused on the relationship 
between divergent connectivity networks and clinical profiles, whereby 
encompassing both manifest and premanifest patients provides the most 
comprehensive view of the disease spectrum. Third, while the observed 
distinction between motor-cognitive and behavioral profiles replicate 
and extend previous findings in HD (Garcia-Gorro et al., 2019; Fitt et al., 
2024), it is possible that other clinical profiles exist. While the motor- 
cognitive and behavioral components cumulatively explained more 
than 50 % of the variance, this threshold may have overlooked other 
clinical patterns. Continued investigation of this research question in 
larger, multicenter databases, such as Enroll-HD or REGISTRY 
(Landwehrmeyer et al., 2016; van Duijn et al., 2014), is warranted to 
potentially delineate additional HD profiles across motor, cognitive, and 
behavioral domains. Such large datasets could leverage machine 
learning to identify latent patterns in multimodal data, including PET 
and electrophysiology data, and future studies can take advantage of 

Table 3 
Linear regression of basal ganglia resting-state functional connectivity with 
clinical profiles.

Anatomical region Hemisphere Cluster 
size

T 
value

P value MNI 
Coordinates 
(x,y,z)

Motor-cognitive 
(PC1)

​ ​ ​ ​ ​

Caudate ​ ​ ​ ​ ​
SFG/MFG (BA 8) L 221 − 6.02 <0.001 − 2 30 56
Premotor cortex 

(BA 6)
L ​ − 5.66 ​ –22 2 68

SMA (BA 6) R ​ − 5.06 ​ 2 10 64
Premotor cortex 

(BA 6)
R 36 − 5.70 0.001 22 6 64

Middle temporal 
gyrus(BA 21)

L 29 − 5.17 0.002 − 66 –42 − 4

Middle temporal 
gyrus(BA 21)

L ​ − 3.69 ​ − 62 –30 − 8

Superior parietal 
(BA 7)

R 13 − 5.02 0.029 34 –66 56

Cerebellar crus II R 20 − 4.98 0.009 10 –90 − 28
Precuneus (BA 7) R 12 − 4.83 0.035 2 –66 48
SFG (BA 8) R 37 − 4.72 0.001 38 22 48
dlPFC (BA 9) R ​ − 4.36 ​ 46 18 44
dlPFC (BA 9) R ​ − 4.29 ​ 42 30 36
Thalamus L 12 − 4.43 0.035 − 2 –6 4
Angular gyrus (BA 

39)
L 20 − 4.41 0.009 − 42 –62 40

Inferior parietal 
(BA 7)

L ​ − 4.25 ​ − 38 –62 52

Cerebellum, 
posterior

R 19 − 4.22 0.010 38 –70 − 24

Cerebellar crus I R ​ − 3.85 ​ 46 –70 − 24
Cerebellum, 

posterior
R ​ − 3.79 ​ 38 –66 − 24

Caudate L 19 +5.53 0.010 − 10 14 8

Putamen ​ ​ ​ ​ ​
SMA R 10 − 4.44 0.051 6 2 60

Nucleus 
accumbens

​ ​ ​ ​ ​

dlPFC (BA 9) R 17 +4.70 0.014 46 30 36
Angular gyrus (BA 

39)
R 17 +4.13 0.014 54 –70 28

Middle temporal 
gyrus (BA 39)

R ​ +4.10 ​ 38 –62 28

MFG(BA 8) R 17 +4.09 0.014 2 34 44
MFG(BA 8) L ​ +3.65 ​ − 6 30 44

Behavioral (PC2) ​ ​ ​ ​ ​
Putamen ​ ​ ​ ​ ​
Parahippocampal 

gyrus
R 13 − 4.08 0.029 22 14 –28

Medial OFC (BA 
47)

R ​ − 3.49 ​ 14 22 –24

BA = Brodmann area; dlPFC = dorsolateral prefrontal cortex; L = left; MFG =
medial frontal gyrus; MNI = Montreal Neurological Institute; OFC = orbito
frontal cortex; PC = principal component; R = right; SFG = superior frontal 
gyrus; SMA = supplementary motor area.
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active or transfer learning strategies even on smaller datasets to increase 
speed and accuracy of analysis (Myszczynska et al., 2020; Du et al., 
2024).

In summary, clinical heterogeneity in HD may be delineated by 
distinct clinical profiles of patients characterized by motor-cognitive or 
behavioral disturbances, each associated with unique patterns of func
tional and structural brain alterations. In HD, striato-cortical circuits 
appear to engage in cross-talk and reorganization, potentially serving 
compensatory mechanisms in response to neurodegeneration. These 
findings support the recent perspective of functional integration within 
striato-cortical networks, rather than strict functional segregation. Ul
timately, such distinct neural signatures may provide a basis for the 
identification of connectivity biomarkers to assess the effectiveness of 
clinical interventions in HD, paving the way for personalized treatment 
strategies tailored to specific clinical profiles.
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