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ARTICLE INFO ABSTRACT

Keywords: Background: Cognitive decline is a core feature of Huntington’s disease (HD), often preceding motor symptoms
Huntington’s disease and progressing with disease severity. While several neuropsychological tests track cognitive changes, few
PD'CB.S studies have examined the biological correlates of brief screening tools adapted for HD.
;[(;glmtlve assessment Objectives: This study investigates the neuroanatomical and fluid biomarker correlates of performance on the
Neuropsychology Parkinson’s Disease—Cognitive Rating Scale (PD-CRS), aiming to validate it as a clinically and biologically
grounded tool for cognitive assessment in HD.
Methods: Fifty-two symptomatic gene-expansion carriers (CAG >39) underwent cognitive (PD-CRS), motor
(UHDRS), and behavioral (PBA) assessments. Plasma neurofilament light chain (NfL) levels were measured via
Simoa as a marker of neurodegeneration. Voxel-based morphometry (VBM) was used to identify gray matter
volume (GMV) correlates of PD-CRS scores. Linear regressions evaluated relationships among PD-CRS, GMV, and
NfL, including subdomain-level and stage-stratified analyses based on HD-ISS classification.
Results: PD-CRS scores were significantly associated with GMV in frontostriatal, paralimbic, parietal, and oc-
cipital regions. NfL levels correlated with both cognitive scores and GMV in key regions, supporting their value as
biomarkers of neurodegeneration. Subdomain analyses revealed region-specific associations (e.g., visuospatial
tasks with posterior cortices, fluency with striatum). Perseveration, motor severity, and education predicted PD-
CRS performance (adjusted R? = 0.799). PD-CRS remained the strongest GMV predictor (adjusted R? = 0.519),
particularly in later disease stages.
Conclussions: The PD-CRS reflects biologically meaningful aspects of cognitive dysfunction in HD, with robust
associations to structural and molecular disease markers. These findings support its use as a practical and sen-
sitive tool for clinical and research applications.

1. Introduction neuropathological changes, ultimately leading to neuronal dysfunction

and death, particularly in the striatum, although widespread involve-

Huntington’s disease (HD) is a neurodegenerative disorder caused by ment of cortical regions and white matter is also observed (Ross and
an abnormal expansion of CAG trinucleotide repeats in the HTT gene on Tabrizi, 2011; Rosas et al., 2008; Adanyeguh et al., 2021).

chromosome 4'. This mutation triggers a cascade of progressive Cognitive decline is a core feature of HD, typically emerging years
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before the onset of motor symptoms (Snowden, 2017). This decline
follows a predominantly fronto-striatal pattern, progressively affecting
multiple cognitive domains and culminating in a dementia syndrome
(Martinez-Horta et al., 2023). While features such as psychomotor
slowing, attentional deficits, and frontal-dysexecutive dysfunction are
prominent, the cognitive phenotype of HD is heterogeneous, both in
terms of domain involvement and progression trajectory across in-
dividuals (Snowden, 2017; Martinez-Horta et al., 2023; Horta-Barba
et al., 2023; Sierra et al., 2023).

Longitudinal studies have shown that tests like the Symbol Digit
Modalities Test (SDMT) and Stroop Word Reading are sensitive to
cognitive changes in HD (Tabrizi et al., 2012; Schobel et al., 2017).
While useful as markers of disease progression, they provide limited
information on patients’ overall cognitive status (Martinez-Horta et al.,
2020a; Mestre et al., 2018). Although not a replacement for full neu-
ropsychological assessment, screening tools offer a practical,
time-efficient way to detect cognitive impairment and they are partic-
ularly valuable in longitudinal studies and clinical trials, where consis-
tent and reproducible measures are crucial for tracking change and
comparing outcomes (Litvan et al., 2012; Marras et al., 2014; Reber
et al., 2021).

Several screening instruments have been employed in HD (Begeti
et al., 2013; Folstein et al., 1975; Group, 1996; Rosca and Simu, 2022;
Rosen et al., 1984; Rosser and Hodges, 1994; Stout et al., 2014). How-
ever, a systematic review of these tools concluded that none currently
fulfil the criteria for general recommendation in HD (Mestre et al.,
2018). In response to this gap, our group conducted a series of studies
evaluating the Parkinson’s Disease - Cognitive Rating Scale (PD-CRS) in
the context of HD (Horta-Barba et al., 2023; Martinez-Horta et al.,
2020a, 2020b). These investigations demonstrated the tool’s strong
psychometric properties, its ability to differentiate between cognitive
states, and its sensitivity to longitudinal changes, suggesting its potential
as a viable screening instrument for global cognitive assessment in HD
(Horta-Barba et al., 2023; Martinez-Horta et al., 2020a).

Beyond psychometric validation, identifying the neuroanatomical
correlates of cognitive screening tool performance is key to linking test
scores with brain pathology. However, few studies have examined the
structural correlates of such tools in HD, limiting efforts to biologically
ground their clinical use. To address this, we investigate the neuroana-
tomical correlates of PD-CRS performance in individuals with HD. Using
voxel-based morphometry (VBM), we examine associations between PD-
CRS scores and regional gray matter volume (GMV) in a well-
characterized cohort. We also assess plasma neurofilament light chain
(NfL) levels in relation to cognition and brain atrophy. By combining
imaging and fluid biomarkers, we aim to validate the PD-CRS as both a
clinically useful screening tool and a marker of disease-related
neurodegeneration.

2. Methods
2.1. Participants

Fifty-two symptomatic gene-expansion carriers (CAG >39) were
recruited from the Movement Disorders Unit at Hospital de la Santa Creu
i Sant Pau (Barcelona). Demographic and clinical data were recorded.
Motor severity was assessed via the UHDRS Total Motor Score (UHDRS-
TMS), and functional status via the Total Functional Capacity (TFC) and
Functional Independence Scale (FIS)(Group, 1996). Neuropsychiatric
symptoms were evaluated wusing the Problem Behaviors
Assessment-Short Form (PBA-s), using the product of frequency and
severity scores (Callaghan et al., 2015).

Participants were classified into HD-ISS stages 1-3 based on bio-
logical criteria (Tabrizi et al., 2022). Stage 0 individuals were excluded,
as they show no detectable neuropathology. Stage 1 participants were
included despite being premanifest, given biomarker evidence of early
neurodegeneration. Cumulative CAG-related disease burden was
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estimated using the CAP score: age x (CAG - 33.66) (Warner et al.,
2022).

Exclusion criteria included other neurological/psychiatric disorders,
traumatic brain injury with loss of consciousness, uncontrolled medical
illness, active substance abuse, or psychosis. Patients unable to under-
stand or perform study tasks were also excluded.

2.2. Cognitive assessment

Cognitive functioning was evaluated in all participants using the PD-
CRS (Pagonabarraga et al., 2008). Previous work from our group has
validated the PD-CRS as a sensitive tool for staging cognitive impair-
ment in HD, distinguishing between normal cognition, mild cognitive
impairment (MCI), and dementia. The PD-CRS is composed of nine
subtests assessing immediate verbal memory, confrontation naming,
sustained attention, verbal working memory, unprompted clock draw-
ing, clock copy, delayed free recall, alternating verbal fluency, and ac-
tion verbal fluency. The posterior—cortical subscore (range 0-30) is
derived from confrontation naming and the clock copy task, while the
remaining subtests contribute to the frontal-subcortical subscore (range
0-104). The sum of all subtests yields the total score, which ranges from
0 to 134, with higher scores indicating better cognitive performance.
The PD-CRS A total score of <82 optimally identifies MCI, typically
associated with minimal functional impact, while a score of <64 in-
dicates dementia-level impairment with significant loss of autonomy.
These thresholds have been empirically linked to functional outcomes,
supporting the PD-CRS as both practical and clinically relevant for
monitoring cognitive decline in HD (Horta-Barba et al., 2023; Marti-
nez-Horta et al., 2020a).

2.3. Neuroimaging acquisition and preprocessing

High-resolution T1-weighted MRI images were obtained on a 3T
Philips Achieva scanner using an MPRAGE sequence (TR/TE = 12.65/
7.08 ms, flip angle = 8°, field of view = 23 cm, matrix = 256 x 256, slice
thickness = 1 mm). Standard VBM procedures were performed using the
SPM12 software package. (http://www.fil.ion.ucl.ac.uk/spm). GMV
tissue probability maps were generated from the T1-weighted scans and
subsequently normalized to the Montreal Neurological Institute (MNTI)
space using the DARTEL algorithm. To account for inter-individual
variability, the normalized GMV maps were smoothed with an
isotropic Gaussian filter with a full-width at half-maximum (FWHM) of
8 mm in all dimensions.

2.4. Biosample collection and processing

Peripheral blood samples were collected into EDTA tubes, centri-
fuged (2000xg, 10 min), and plasma was aliquoted and stored at —80 °C
per international guidelines. Plasma NfL levels were measured using the
Simoa® Human NF-light Advantage Kit (Quanterix) on the SR-X™ sys-
tem, following the manufacturer’s protocol. Calibration standards,
quality controls, and duplicate samples were run on a 96-well plate.
After incubation with antibody-coated beads and biotinylated detection
antibodies, SBG enzyme and RGP substrate were added. Fluorescent
signals were detected and quantified using a four-parameter logistic
curve. All samples were analyzed in duplicate; intra-assay CVs remained
below 20 %.

2.5. Statistical analysis

Descriptive statistics were computed to summarize sociodemo-
graphic, clinical, cognitive, and behavioral characteristics. Continuous
variables were expressed as means and standard deviations, while cat-
egorical variables were summarized as frequencies and percentages.
Group comparisons across HD-ISS stages were performed using one-way
analyses of variance (ANOVA) for normally distributed variables,
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followed by Tukey’s HSD post hoc tests to identify specific between-
group differences. For pairwise comparisons where homogeneity of
variance was violated, Welch’s t-tests were applied. Normality as-
sumptions were evaluated via Shapiro-Wilk tests and visual inspection
of histograms and Q-Q plots. Test statistics (F or t), degrees of freedom,
p-values, and effect sizes (Cohen’s d) were reported as appropriate.

Cognitive staging was based on PD-CRS total score thresholds, clas-
sifying participants as cognitively normal, mildly impaired (PD-CRS
<82), or demented (PD-CRS <64)7,11. To assess relative performance
across PD-CRS subdomains, raw scores were standardized into z-scores,
which were calculated using the mean and standard deviation of the
internal study cohort. This within-cohort normalization accounted for
differing scoring ranges across subtests (e.g., action fluency max = 30 vs.
clock drawing max = 10), thereby enabling direct item-level compari-
sons and clearer identification of the domains most sensitive to disease-
related cognitive decline.

Multiple linear regression analyses were conducted to identify clin-
ical and behavioral predictors of global cognitive performance control-
ling for potential confounders. Standardized beta coefficients (B),
associated p-values, and R? values were reported. To investigate struc-
tural correlates of cognitive function, GMV maps from VBM analyses
were included in a general linear model (GLM). Two analytical frame-
works were implemented according to the primary target of inference:
(i) PD-CRS total scores were modelled as the dependent variable when
assessing the contribution of motor severity, perseverative behaviours
and demographic variables to cognitive performance; and (ii) regional
GMV from VBM-derived clusters was modelled as the dependent vari-
able when assessing neuroanatomical correlates of cognitive impair-
ment. Accordingly, PD-CRS served as predictor or outcome depending
on the objective of each model. Additionally, exploratory stage-stratified
analyses of the VBM-derived clusters were conducted across HD-ISS
stages 1-3. Whole-brain VBM analyses applied cluster-level family-
wise error (FWE) correction (p < 0.05) using random field theory (RFT)
in SPM12. Stage-stratified and ROI-based analyses were considered
exploratory given the limited subgroup sample sizes, and therefore ef-
fect sizes and spatial consistency were emphasized over additional
multiple-comparison correction. GMV values from significant clusters
were extracted for follow-up regressions with relevant clinical measures
and PD-CRS subdomains.

Finally, multiple regression models assessed the relationship be-
tween plasma NfL concentrations and both regional GMV and PD-CRS
total scores. Age was included as a covariate to account for known
age-related effects on NfL. Results were reported with corresponding B
values, p-values, and R? statistics. For visualization, VBM maps were
thresholded at an uncorrected level of p < 0.0001 (cluster extent k = 20
voxels).

The study protocol was reviewed and approved by the institutional
ethics committee. Written informed consent was obtained from all
participants prior to their inclusion in the study. All procedures were
carried out in accordance with the ethical standards of the 1964
Declaration of Helsinki and its later amendments. The data supporting
the findings of this study are available from the corresponding author
upon reasonable request.

3. Results
3.1. Sociodemographic and clinical characteristics

The total sample comprised 52 symptomatic gene-expansion carriers
(53.8 % female) with an average of 43.9 (3.5) CAG repeats and a mean
CAP score of 500.6 (89.8). Motor and functional assessments revealed a
mean UHDRS-TMS score of 36.8 (21.4), a TFC score of 10.3 (2.6), a FAS
score of 21.0 (3.8), and a composite Unified Huntington’s Disease Rating
Scale score (cUHDRS) score of 9.3 (4.8).

PD-CRS total score was 79.7 (19.1), with subcortical and cortical
subscores averaging 52.7 (16.2) and 27.0 (3.3), respectively. Based on
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established cut-off scores, 30 participants (57.7 %) scored <82, indi-
cating cognitive impairment consistent with mild cognitive impairment
(MCI), while 10 participants (19.2 %) scored <64, consistent with
dementia-level impairment. Among participants in HD-ISS stage 1, all
10 (100 %) exhibited normal cognitive status. In stage 2, 4 individuals
(44.4 %) met criteria for MCI and 1 (11.1 %) for dementia. In contrast, in
stage 3, 16 participants (48.5 %) fell within the MCI range and 8 (24.2
%) met the threshold for dementia. Table 1 summarizes the main clinical
and sociodemographic characteristics of the sample (See Supplementary
Table 1 for all clinical and sociodemographic data).

Using PD-CRS z-scores to allow direct comparison across items, the
subtests with the lowest standardized scores were alternating verbal
fluency (z = —0.63), working memory (z = —0.45), and delayed recall
(z = —0.39). In contrast, the highest standardized performances were
observed in naming (z = 0.62), clock copy (z = 0.45), and action verbal
fluency (z = 0.31). Fig. 1 depicts these findings. Given the recognized
cognitive heterogeneity in HD, we also performed an exploratory anal-
ysis to assess whether distinct phenotypic patterns could be identified
within our cohort. To this end, we calculated within-HD-ISS-stage z-
scores for PD-CRS subcortical and cortical subscores and screened for
participants whose normalized performance deviated significantly
(>1.5 SD below the stage mean), which would suggest a subcortical-
predominant, cortical-predominant, or mixed phenotype. This analysis
revealed no extreme phenotypes in stages 1 and 2, and only two cases in
stage 3 (=6 %), one with a cortical-predominant and one with a mixed
profile. Overall, while variability was greater in subcortical than in
cortical subscores, the absence of consistent extreme profiles across
stages argues against the existence of clearly differentiated phenotypes
in this dataset. For this reason, no further phenotype-specific analyses
were conducted.

To identify clinical and behavioral predictors of global cognition, we
conducted a multiple linear regression with PD-CRS total score as the
dependent variable. Predictors included total scores from the PBAs, age,
CAG repeat length, education, CAP score, and UHDRS-TMS. The model
was significant, explaining a large proportion of variance in cognition
(R2 = 0.862; F(16,35) = 13.65; p < 0.001). Perseverative behavior was
the strongest negative correlate of PD-CRS scores (B = —4.26, p <
0.001), followed by motor symptom severity (B = —0.35, p = 0.006).
Education showed a positive association (B = 1.73, p = 0.001). Other
PBAs domains, age, CAG repeat length, and CAP score had no significant
effects.

PD-CRS scores declined significantly with disease progression [F
(2,49) = 4.29; p = 0.019]. Stage 3 showed lower total scores than stage 1
[t(41) = 3.08; p = 0.004; d = 1.30], and stage 2 was also lower than
stage 1 [t(17) = 4.84; p < 0.001; d = 2.30]. Subcortical scores followed a
similar pattern [F(2,49) = 3.84; p = 0.027], with significant reductions
in stage 3 and 2 vs stage 1. Cortical scores declined across stages [F
(2,49) = 3.50; p = 0.037], with a significant drop in stage 3 vs stage 1 [t
(41) = 2.50; p = 0.017; d = 1.06], but no difference between stages 1
and 2. PD-CRS-based cognitive staging confirmed this gradient. All
participants in stage 1 (100 %) were cognitively normal. In stage 2, 4
(44.4 %) met criteria for MCI (PD-CRS<82) and 1 (11.1 %) for dementia
(PD-CRS<64). In stage 3, 16 (48.5 %) met the MCI threshold and 8 (24.2
%) met dementia criteria.

3.2. Neuroanatomical correlates of PD-CRS

As reported in Fig. 2 and Table 2, Two clusters survived whole-brain
family-wise error (FWE) correction at the cluster level. The largest
cluster (24,263 voxels; p < 0.001, FWE-corrected) encompassed a broad
bilateral frontostriatal and limbic-paralimbic network. On the left
hemisphere, significant involvement was observed in the anterior and
dorsolateral putamen, head of the caudate nucleus, ventral striatum, and
both the external and internal segments of the globus pallidus. Extend-
ing anteriorly, the cluster reached the subcallosal cortex and orbito-
frontal areas, while laterally it engaged the anterior insula to the
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Table 1
Clinical and sociodemographic data of the sample.
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Mean (SD) & Range

Variable Stage 1 Mean (SD) Stage 1 Range Stage 2 Mean (SD) Stage 2 Range Stage 3 Mean (SD) Stage 3 Range
Gender (5/5) - (6/3) - (14/19) -
Age (years) 45.2 (8.6) 35-63 46.1 (7.7) 32-60 53.3(10.8) 26-72
Education (years) 15.9 (3.7) 11-22 14.3 (2.2) 11-18 13.3(3.8) 7-22
CAG 42.3 (2.3) 39-46 43.4(1.9) 41-47 44.1 (3.8) 39-56
CAP score 378.5 (62.3) 310-470 442.3 (60.9) 333-526 521.5 (92.4) 373-666
cUHDRS 17.6 (1.4) 15-19 13.5(1.8) 11-17 7.5 (4.3) 0-16
UHDRS-TMS 2.4 (2.3) 0-7 13.2 (8.7) 2-28 44.7 (19.4) 5-80
TFC 13.0 (0.0) 13-13 12.8 (0.4) 12-13 9.2 (2.5) 4-13
FIS 25.0 (0.0) 25-25 24.8 (0.7) 24-26 19.6 (3.5) 15-29
PD-CRS Total 111.6 (9.9) 99-128 80.6 (15.2) 54-101 73.7 (17.9) 35-117
Cortical score 28.7 (1.3) 27-30 27.6 (3.4) 20-30 26.0 (3.7) 15-30
Subcortical score 82.9 (10.0) 70-98 53.0 (13.1) 34-71 47.7 (15.6) 20-88

CAG: CAG repeat length; CAP score: CAG x AGE product; UHDRS-TMS: Unified Huntington’s Disease Rating Scale Total Motor Score; cUHDRS: Composite UHDRS;
TFC: Total Functional Capacity; FIS: Functional Independence Score; PD-CRS: Parkinson’s Disease — Cognitive Rating Scale.

PD-CRS Cortical

PD-CRS Total

PD-CRS Subcortical

HD-ISS 1
—— HD-ISS 2
— HD-ISS 3

Attention

Working memory

Immediate memory

Clock copy

Action fluency

Delayed recall
Alternating fluency

Fig. 1. Distribution of the PD-CRS scores across groups.

anterior putamen. Importantly, this cluster also extended into homolo-
gous regions of the right hemisphere. Right-lateralized effects were
observed in the ventral striatum, pallidum, and putamen, as well as in
paralimbic areas including the anterior insula. The second cluster (9565
voxels; p < 0.001, FWE-corrected) was located predominantly in the
right posterior parietal and occipital cortices. The more significant ef-
fects were found in the superior parietal lobule, angular gyrus, pre-
cuneus, and lateral occipital regions, including the parieto-occipital
junction and cuneus.

To assess whether the relationship between GMV and cognition was
independent of motor and behavioral symptoms, we ran a multiple
linear regression across the full sample. The dependent variable was
mean GMV across significant VBM-derived ROIs; predictors included
UHDRS-TMS and PBA perseveration scores, previously identified as
strong cognitive correlates. The model was significant, explaining a
moderate proportion of GMV variance (R? = 0.326, adjusted R = 0.298;
F(2,49) = 11.83; p < 0.001). Both predictors contributed: greater motor
severity (B = —0.0104, p = 0.002) and higher perseveration (B =
—0.0323, p = 0.012) were linked to reduced GMV. However, when PD-
CRS total scores were added, cognition emerged as the strongest pre-
dictor (B = 0.0038, p < 0.001), indicating a unique association with
brain structure beyond motor and behavioral effects.

To investigate whether the structural-cognitive associations varied
across disease progression, we repeated the analyses using regional GMV
extracted from the VBM-derived fronto-striatal and posterior clusters.
Significant effects of HD-ISS stage were observed for both clusters
(fronto-striatal: F(2,45) = 11.37, p = 0.0001; posterior: F(2,45) = 14.00,
p = 0.00002), with substantially reduced volumes in stage 3 compared
to stages 1-2. Within-stage regressions, using as predictors the PD-CRS

total score, the UHDRS-TMS and the PBAs perseveration scores, the
analysis confirmed different contribution patterns across stages. In stage
1, all predictors significantly accounted for GMV variance in the fronto-
striatal cluster (R% = 0.92, p = 0.004-0.005), and motor and persever-
ative symptoms also contributed in the posterior cluster (R? = 0.89, p =
0.002-0.019). In stage 2, no significant associations emerged ®R%*< 0.21,
all p > 0.62). In stage 3, the PD-CRS was the most consistent predictor of
GMV in both clusters (R? = 0.29-0.37; p < 0.08).

3.3. Associations between regional gray matter volumes and PD-CRS
subdomains

Significant relationships (p < 0.05) were found for all subdomains,
with particularly strong effects for immediate memory, attention, and
verbal fluency. Higher GMV consistently predicted better cognitive
performance. Immediate memory was positively associated with GMV in
the left striatum (B = 2.77, p < 0.001, R? = 0.29), posterior cortex (B =
0.62, p < 0.001, R? = 0.28), calcarine cortex (B = 2.01, p = 0.001, R? =
0.28), left midtemporal (B = 2.48, p = 0.003, R? = 0.23), and left
frontal-striatal regions (B =1.47, p = 0.018, R? = 0.17). Attention scores
correlated strongly with GMV in the posterior cortex (B = 1.07, R =
0.47), left striatum (B = 4.65, R?= 0.46), left midtemporal (B = 4.54, R?
= 0.40), calcarine cortex (B = 3.21, R? = 0.40), and TPJ (B = 14.06, all
p < 0.001, R? = 0.38). Copy of a clock performance showed significant
associations with GMV in the left striatum (B = 1.26, p = 0.001), cal-
carine, TPJ, posterior cortex, and bilateral midtemporal/striatal regions
(all p < 0.02). Unprompted drawing of a clock was related to GMV in the
left striatum (B = 1.37, p = 0.004), right striatum, calcarine, TPJ, and
midtemporal cortex. Working memory was linked to GMV in the right
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A. Associations between NfL and VBM-derived ROIls
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Fig. 2. Neuroimaging results
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Section A displays the association between GMV extracted from the VBM-derived clusters and serum NfL concentrations. Each dot represents an individual
participant. Regression lines indicate the direction and strength of the association, with shaded areas showing the 95 % confidence interval. Higher NfL levels reflect
increased neuroaxonal damage and are associated with lower GMV in these regions.

Section B illustrates the spatial distribution of GMV reductions associated with poorer PD-CRS total performance. Statistical parametric maps are shown on the MNI
template in neurological convention, with warmer colors indicating stronger negative associations (cluster-level FWE-corrected p < 0.05).

Section C depicts representative associations between GMV in selected regions and performance on individual PD-CRS subtests, highlighting domain-specific
vulnerability. Higher scores indicate better cognitive performance. Axes, slopes and confidence intervals are reported to facilitate interpretation of effect sizes.

striatum (B = 6.08, p < 0.001), as well as the posterior cortex, left
striatum, and left midtemporal regions. Verbal fluency (alternating and
action) showed widespread associations across nearly all ROIs. Alter-
nating fluency was linked to right striatum, left striatum, posterior
cortex, calcarine, TPJ, and midtemporal cortex (all p < 0.005). Action
fluency was most strongly related to right striatum (B = 28.31, p <
0.001), with additional associations in posterior cortex, calcarine,
frontal-striatal, and TPJ regions. Recognition memory correlated with

GMV in right striatum (B = 9.53, p < 0.001), left striatum, posterior
cortex, and calcarine cortex. Naming was moderately associated with
posterior cortex (B = 0.35, p = 0.033), bilateral striatum, and calcarine
cortex (all p < 0.04). Across all models, age was not a significant
covariate.
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Table 2
GMV correlates of the PD-CRS.
Anatomical Label MNI (X,Y,Z) T Hemisphere Cluster
value
Putamen anterior -30, —-15, 4.78 Left 1
-5
Occipital cortex/Lingual gyrus 35, =75, 5 4.32 Right 2
Angular gyrus/Inferior —33, —63, 4.25 Left 2
parietal lobule 24
Cuneus/Occipital pole 20, —90, 31 4.21 Right 2
Superior temporal gyrus/TPJ —54, -30, 4.12 Left 1
31
Precuneus/Posterior cingulate 10, —48, 42 3.98 Right 2
cortex
Angular gyrus/Inferior —31, —64, 3.92 Left 2
parietal 20
Middle occipital gyrus 51, —75, 31 3.90 Right 2
Putamen —27, —24, 3.90 Left 1
-9
Lateral occipital cortex 45, —69, 29 3.85 Right 2
Ventral pallidum/Sub- —36, —35, 3.85 Left 1
lenticular region -11
Superior parietal lobule 21, —60, 50 3.81 Right 2
Globus pallidus interna —24, -6, 3.78 Left 1
-12
Angular gyrus/Posterior STG 36, —65, 20 3.73 Right 2

3.4. Association between plasma neurofilament levels and global cognitive
function (PD-CRS)

Lower cognitive performance was significantly associated with
higher NfL levels (B = —0.153, p = 0.048; R? = 0.076). This association
remained significant after adjusting for age (B = —0.165, p = 0.032),
while age alone was not a significant predictor (B = —0.255, p = 0.107).
The age-adjusted model explained 12.4 % of the variance in NfL (R? =
0.124).

3.5. Association between plasma neurofilament levels and regional gray
matter volume

Results consistently showed inverse associations between GMV and
NfL, indicating that greater atrophy is linked to higher neuro-
degeneration. Strongest effects were observed in the left frontal-striatal
region (B = —11.38, p < 0.001) and posterior cortex (B = —2.77, p =
0.004), both surviving age correction. Age remained significant in most
models but with smaller effects than GMV. Regression coefficients (B)
and p-values are summarized in Table 3.

4. Discussion
The present study investigated the neuroanatomical correlates of

global cognitive functioning in HD using the PD-CRS, a cognitive
screening instrument originally validated in PD and recently explored in

Table 3
Association between plasma neurofilament and GMV.

ROIs B P B P R (Ross and
(GMV) (GMV) (Age) (Age) Tabrizi, 2011)

Calcarine —8.50 0.007 —0.38 0.017 0.204

Left Frontal- —11.38 0.000 —0.36 0.013 0.301
striatal

Left mid —9.66 0.032 —0.33 0.040 0.153
temporal

Left Striatum —-11.37 0.007 -0.35 0.026 0.200

Parietal- -2.77 0.004 —0.36 0.019 0.222
occipital

Right mid —13.16 0.182 -0.35 0.041 0.098
temporal

Right striatum —42.48 0.000 —0.36 0.013 0.325

TPJ —32.92 0.021 -0.37 0.022 0.167
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HD (Horta-Barba et al., 2023; Martinez-Horta et al., 2020a). Our find-
ings support the PD-CRS as a sensitive and clinically relevant tool for
detecting cognitive impairment in HD, and demonstrate its robust as-
sociation with GMV across a distributed frontostriatal, limbic, and
parietal-occipital network. However, further validation of the PD-CRS in
independent HD cohorts will be essential to strengthen its
generalizability.

Clinically, cognitive impairment was highly prevalent in our cohort,
with 58 % of participants meeting criteria for MCI and 19 % for de-
mentia, based on validated PD-CRS thresholds (Martinez-Horta et al.,
2020a). These rates increased consistently across HD-ISS stages.
Importantly, all participants in stage 1 displayed preserved cognition,
supporting the construct validity of the PD-CRS as a staging tool even in
early or premanifest disease. At the item level, performance varied by
cognitive domain, with executive-attentional tasks, particularly sus-
tained attention and alternating verbal fluency, emerging as the most
sensitive to disease progression.

VBM analyses identified two large clusters where GMV significantly
correlated with global PD-CRS scores. The first encompassed a bilateral
frontostriatal and paralimbic network (Alexander et al., 1986; Haber
and Knutson, 2010; Menon and Uddin, 2010). These regions are among
the earliest and more consistently affected structures in HD (Ross et al.,
2014; Tabrizi et al., 2009, 2011). The involvement of orbitofrontal and
insular cortices, as well as subcallosal and ventral striatal regions, un-
derscores the progressive engagement of limbic-prefrontal circuits as the
disease advances (Enzi et al., 2012; Martinez-Horta et al., 2018, 2021).
These structures subserve a wide range of cognitive domains that are
prominently impaired in HD and that are targeted by the PD-CRS. The
caudate and putamen play a central role in action selection, procedural
memory, and attentional gating, while the globus pallidus and ventral
striatum contribute to motivation, decision-making, and cognitive
flexibility (Haber and Knutson, 2010; Yin and Knowlton, 2006; Grahn
et al., 2008). The anterior insula is involved in salience detection and the
integration of cognitive and affective information, and the subcallosal
area has been linked to mood and cognitive control (Menon and Uddin,
2010). Through its diverse subtests, the PD-CRS assesses many of these
domains, such as attention, working memory, and verbal fluency,
making it well suited to detect dysfunction across this network.

The second cluster, centered in the right posterior parietal and oc-
cipital cortex, involved regions supporting visuospatial integration and
cognitive flexibility (Kawasaki et al., 2008; Seghier, 2013; Cavanna and
Trimble, 2006; Whitlock, 2017). Degeneration in posterior brain re-
gions, particularly parietal and occipital cortices, was historically
neglected in early descriptions of HD. However, accumulating evidence
demonstrates that structural alterations in these regions emerge well
before clinical diagnosis, with cortical thinning detectable even in pro-
dromal and premanifest individuals (Rosas et al., 2008; Tabrizi et al.,
2009; Martinez-Horta et al., 2024; Nopoulos et al., 2010). Our results
align with this literature by showing that PD-CRS performance is
significantly associated with GMV in parietal-occipital regions, sug-
gesting that this scale captures early, spatially distributed cortical
involvement.

To better understand the factors influencing cognitive performance,
we ran a multiple regression with PD-CRS total scores as the outcome.
The model explained a large proportion of variance, identifying
perseverative behavior, motor severity, and education as significant
predictors. These findings highlight the combined association between
cognitive reserve, motor decline, and psychiatric symptoms with
cognition in HD, although with the present cross-sectional data we
cannot attribute a specific directionality or infer a clear causal rela-
tionship beyond correlation. We then tested whether motor and
behavioral symptoms could account for GMV reductions in PD-CRS-
related regions. Without cognitive scores, UHDRS-TMS and PBA
perseveration were significantly linked to GMV. However, when PD-CRS
was added, it became the strongest predictor, suggesting that GMV loss
reflects cognitive decline beyond motor or behavioral dysfunction. It
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should also be acknowledged that PBA-s scores were particularly low in
our cohort, which may reflect cohort-specific or care-related factors that
attenuate the expression of neuropsychiatric symptoms. In other regions
or healthcare settings, these values might differ substantially, and thus
the associations we observed are likely not fully generalizable and
should be interpreted as dependent, at least in part, on the behavioral
profile of the studied sample.

Importantly, stage-stratified analyses revealed that the expression of
these structure—function relationships varies along disease progression.
While multiple clinical dimensions (cognitive, motor and behavioural)
were related to GMV in early disease, cognition became the principal
correlate in advanced stages, in line with the dominant impact of neu-
rodegeneration on daily functioning at later phases. The absence of
robust associations in stage 2 likely reflects reduced variability once
symptoms are clinically established, limiting sensitivity to detect dif-
ferential contributions. Together, these results support the role of PD-
CRS as a biologically meaningful index of neurodegeneration over the
HD progression continuum.

Beyond global cognition, we also examined how specific PD-CRS
subdomains mapped onto regional gray matter volumes. Results
demonstrated clear topographic organization: fronto-striatal regions
were preferentially associated with verbal fluency and working memory,
posterior cortices with visuospatial functions (e.g., clock copy), and
temporo-parietal junctions with attentional processing. These domain-
specific anatomical associations validate the internal structure of the
PD-CRS and reinforce its relevance for tracking both focal and diffuse
cognitive deterioration. Importantly, age was not a significant covariate
in any of the subdomain analyses, further highlighting the specificity of
these associations.

At the biomarker level, plasma NfL levels were significantly associ-
ated with PD-CRS scores, even after adjusting for age, indicating that the
PD-CRS reflects neurodegeneration beyond structural atrophy (Byrne
et al., 2017; Parkin et al., 2024). NfL also showed inverse correlations
with GMV in key regions, particularly the left frontal-striatal and pos-
terior cortices, mirroring PD-CRS-related structural changes. These re-
sults support the PD-CRS as a meaningful cognitive marker of both brain
pathology and fluid biomarkers of disease burden and build on and
extend our previous works validating the PD-CRS in HD (Horta-Barba
et al., 2023; Martinez-Horta et al., 2020a).

Consistent with prior findings, we show that both total PD-CRS
scores and specific subdomains are significantly associated with gray
matter volume in posterior parietal and occipital cortices
(Martinez-Horta et al., 2020a, 2020b). These associations remained
significant after controlling for age and motor severity, highlighting the
PD-CRS specificity in capturing neural correlates of cognitive decline.
Across independent samples and complementary methods, evidence
converges to support the PD-CRS as both a clinically valid staging tool
and a sensitive marker of widespread neurodegeneration in HD. Beyond
these findings that reinforce the strength and utility of the PD-CRS, other
factors further enhance its applicability. One notable advantage is its
availability in multiple validated translations, including languages
spoken in Western Europe, Asia, and Latin America, supporting its
global use in diverse clinical and research contexts.

Despite these strengths, several limitations should be acknowledged.
First, while our sample spanned a wide range of disease stages, it re-
mains cross-sectional in nature, precluding conclusions about the tem-
poral progression of structural-cognitive relationships. Longitudinal
studies will be essential to establish whether PD-CRS scores track within-
subject changes in brain volume over time. Second, although the PD-CRS
captures multiple cognitive domains, it remains a screening tool and
does not replace comprehensive neuropsychological testing. In our stage
1 cohort, and while participants were classified as cognitively normal
according to PD-CRS normative data, this does not preclude the possi-
bility that they might perform differently from healthy controls in a
direct comparison. Future studies with larger samples of stage 1 par-
ticipants, appropriate control groups, and longitudinal designs will be
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needed to determine whether the PD-CRS can detect such subtle early
differences and to further establish its sensitivity in premanifest and
early disease phases. Moreover, the relatively small sample size in HD-
ISS stage 2, combined with within-group heterogeneity, likely reduced
statistical power and may have limited our ability to detect stage-
specific associations and stage-wise analyses were exploratory and
sample sizes, especially in stages 1-2, constrain statistical power;
therefore, these results should be interpreted with caution pending
replication in larger stratified cohorts.

Overall, this study provides robust evidence that the PD-CRS is a
neuroanatomically grounded, clinically sensitive tool for assessing
cognition in HD, also capturing disease-related structural changes across
a broad network of functionally relevant brain regions. These findings,
together with previous work, highlight the value of further investigating
the potential role of the PD-CRS for disease monitoring and as an
outcome measure in clinical trials in Huntington’s disease, and under-
score the importance of anatomically informed cognitive assessment
strategies in neurodegenerative disorders.
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