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ABSTRACT

BACKGROUND AND PURPOSE: Huntington disease is a devastating genetic neurodegenerative disorder for which no effective treat-
ment is yet available. Although progressive striatal atrophy is its pathologic hallmark, concomitant cortical deterioration is assumed to
occur, but it is poorly characterized. Our objective was to study the loss of cortical integrity and its association with clinical indicators
throughout the course of the disease.

MATERIALS AND METHODS: Using a cohort of 39 patients with Huntington disease and 25 controls with available MR imaging (T1WI and
DTI), we compared cortical atrophy and intracortical diffusivity across disease stages. Intracortical diffusivity is a DTI-derived metric that
has recently been suggested to detect incipient neuronal death because water can diffuse more freely in cortical regions with reduced
neural density.

RESULTS: We observed progressive thinning and increasing diffusivity within the cerebral cortex of patients with Huntington disease (P �

.05, corrected for multiple comparisons). Most important, in the absence of pronounced atrophy, widespread increased diffusivity was
already present in individuals with premanifest Huntington disease, correlating, in turn, with clinical and disease-specific progression
markers.

CONCLUSIONS: Intracortical diffusivity may be more sensitive than cortical thinning for tracking early neurodegeneration in Huntington
disease. Moreover, our findings provide further evidence of an early cortical compromise in Huntington disease, which contributes to our
understanding of its clinical phenotype and could have important therapeutic implications.

ABBREVIATIONS: CAG � cytosine-adenine-guanine; CN � healthy controls; Cth � cortical thickness; DBS � disease burden score; earlyHD � early-symptomatic
HD; HD � Huntington disease; MD � mean diffusivity; midadvHD � middle-advanced HD; preHD � premanifest HD; SDMT � Symbol Digit Modalities Test; TMT �
Trail-Making Test; UHDRS � Unified Huntington’s Disease Rating Scale

Huntington disease (HD) is a fatal neurologic disorder with no

effective treatment currently available. Inherited in an auto-

somal-dominant pattern, it is the most prevalent monogenic neu-

rodegenerative disease. A cytosine-adenine-guanine (CAG) trip-

let repeat expansion in the huntingtin gene (HTT) drives a

pathologic brain aggregation of mutant huntingtin protein, which

promotes neuronal cell injury and death. Typically around the

fourth decade of life, HD gene mutation carriers experience pro-

gressive motor, cognitive, and neuropsychiatric alterations, re-

sulting in a devastating loss of functional independence.1 Al-

though the pathologic hallmark of HD is a massive loss of the

medium spiny neurons of the striatum, the current view of this

disorder is that diffuse cortical and subcortical neurodegenera-

tion underlies the clinical picture.2

Characterizing early brain degeneration in HD may prove crit-

ical to designing and monitoring novel therapeutic strategies to

prevent or delay its clinical onset. Neuroimaging indicators hold

great potential in this setting, but their sensitivity and interpreta-

tion need further assessment. In this vein, the study of individuals
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with genetically confirmed-but-premanifest HD (preHD) offers a

unique opportunity to evaluate the performance of imaging indi-

cators in identifying early neurodegeneration. In contrast to pre-

clinical subjects at risk for other neurodegenerative disorders,

such as sporadic Alzheimer disease or Parkinson disease, individ-

uals with premanifest HD will inevitably develop clinical symp-

toms in the upcoming years. Imaging indicators that best identify

cortical and subcortical deterioration in subjects with premanifest

HD would therefore be good candidates for use in clinical trials to

noninvasively monitor early neurodegeneration.

In this context, MR imaging indicators are the best-suited ap-

proach to monitor disease progression because of their high-res-

olution and radiation-free acquisition. However, detecting subtle

signs of early cortical deterioration with this technique may be

challenging due to a number of technical and conceptual limita-

tions of the most commonly used MR imaging indicators. Atro-

phy assessment via voxel-based morphometry (VBM) or cortical

thickness (Cth), for example, is highly specific, but it may not be

sufficiently sensitive to detect early neural loss.3 Second, white

matter integrity estimated from diffusion tensor imaging does not

directly assess the loss of cortical neurons, which is probably the

main mechanism underlying cognitive and neuropsychiatric

symptoms in neurodegenerative diseases. Third, clinical interpre-

tation of functional MR imaging measures such as resting-state

connectivity is challenging due to the complex nature of imaging

indicators and the presence of compensatory mechanisms.

In view of these limitations, imaging markers capable of de-

tecting early loss of neural tissue within the cerebral cortex need to

be proposed and validated for the study of neurodegeneration. It

was recently suggested that an increase in intracortical mean dif-

fusivity (MD) of water molecules reflects early cortical compro-

mise.4,5 Conceptually, an incipient degeneration of cortical neu-

rons that do not yet translate into cortical thinning may be

detected through a regional increase of water mobility due to the

recent cell death. MD data can be derived from DTI scans, and in

contrast to other DTI-derived metrics such as fractional anisot-

ropy, regional MD is an adequate indicator of gray matter integ-

rity due to its isotropic structure.4 Moreover, this measure has

recently shown higher effect sizes and increased sensitivity in

identifying cortical degeneration in other neurodegenerative

diseases.5

In this work, we characterized intracortical MD and atrophy

changes across HD stages. Our main objective was to investigate

whether MD abnormalities precede atrophy detection. Our sec-

ondary objective was to study the possible associations between

these imaging alterations and the patients’ motor, cognitive, and

neuropsychiatric statuses.

MATERIALS AND METHODS
Participants and Clinical Assessments
We included 39 HD gene-mutation carriers (CAG �39) from the

outpatient clinic of the Movement Disorders Unit at Hospital de

la Santa Creu i Sant Pau (Barcelona, Spain). Within this HD

group, participants were classified as having preHD, early-symp-

tomatic HD (earlyHD), or middle-advanced HD (midadvHD)

according to previously defined criteria.6-8 Individuals with a

Unified Huntington’s Disease Rating Scale (UHDRS) Total

Motor Score of �5 and a diagnostic confidence level of �3 were

classified as having preHD. Patients showing a Total Motor Score

of �5, a diagnostic confidence level of 4, and a Total Functional

Capacity Scale score between 11 and 13 were classified as having

earlyHD, and those showing a Total Functional Capacity Scale

score of �11 were combined to form a midadvHD group. We also

included 25 healthy controls (CN) who had no family history of

movement or psychiatric disorders. This CN group had an age

distribution similar to that of the preHD group because the im-

aging comparison between CN and preHD would be key to eval-

uating the sensitivity of early markers of neurodegeneration.

We recorded demographic, motor, cognitive, neuropsychiat-

ric, and disease-specific indicators for all HD participants. We

used the disease burden score (DBS), defined as age � (CAG 35.5)

as an index of the burden of pathology due to lifetime exposure to

mutant huntingtin.9 In subjects with premanifest HD, the esti-

mated years to clinical onset can be obtained by the formula de-

scribed in Langbehn et al.10 Functional capacity, motor symp-

toms, and global cognitive status were recorded using the

UHDRS. We also addressed the severity of apathy, the most prev-

alent and characteristic neuropsychiatric feature of HD.6 Last, we

administered the UHDRS cognitive subtest with additional cog-

nitive tasks. We recorded the following set of cognitive indicators,

known to be sensitive to HD progression: the Symbol Digit Mo-

dalities Test (SDMT), the Stroop Task, the Trail-Making Test

(TMT), the F-A-S verbal fluency test, and semantic fluency.11

Neuroimaging Acquisition and Methods
Volumetric MR imaging and DTI were available for all partici-

pants. 3D-T1 images were acquired on a 3T Achieva scanner

(Philips Healthcare, Best, the Netherlands) using an MPRAGE

sequence (TR/TE � 6.74/3.14 ms, flip angle � 8°, FOV � 23 cm,

matrix � 256 � 256, and slice thickness � 1 mm). DTI scans were

also obtained using the following acquisition parameters: TR �

10,433 ms, TE � 57 ms, slice thickness � 2 mm, flip angle � 90°,

15 directions, b factor � 800.

For each participant, we quantified cortical thickness and in-

tracortical diffusivity. Cortical thickness analysis was performed

using the FreeSurfer 6.0 software package (http://surfer.

nmr.mgh.harvard.edu). The specific methods used for cortical

reconstruction of volumetric images have been fully described

elsewhere.12 Briefly, optimized surface-deformation models fol-

lowing intensity gradients accurately identify white matter and

gray matter boundaries in the cerebral cortex, from which cortical

thickness is computed at each vertex. On visual inspection, no

major surface reconstruction errors were observed in our sample.

Mean diffusivity maps were computed from DTI scans and

aligned to the associated T1-weighted image using the FreeSurfer

module Tracula (https://surfer.nmr.mgh.harvard.edu/fswiki/

FsTutorial/Tracula).13 To study differences in MD across groups,

we first used the FreeSurfer’s partial volume correction (PVC)

tools to account for a possible volume fraction effect (i.e. concom-

itant atrophy). We then sampled intracortical MD values half-way

between the white and pial surfaces of the cortical ribbon, thereby

obtaining surface-based vertex-wise MD data along the cerebral

cortex. By definition, Cth and intracortical MD can only be mea-

sured in cortical regions. In subcortical regions, we also computed
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volume information and average MD values in common subcor-

tical structures (caudate, putamen, accumbens, pallidum,

amygdala, thalamus, and hippocampus).

Statistical Analyses
We compared clinical, sociodemographic, and scalar subcortical

volumetric and MD data across groups using 2-sample t test anal-

ysis for continuous variables and the �2 fest for categoric variables.

Differences were considered significant using a probability

value � .05.

Cortical vertex-wise measures (Cth and MD) were first

smoothed using a Gaussian kernel of 10-mm full width at half

maximum to increase the signal-to-noise ratio. A generalized lin-

ear model was then performed to compare these measures across

groups, using age, sex, and education as covariates of no interest.

Clusters surviving P � .05 and family-wise error correction for

multiple comparison by a Monte Carlo simulation with 10,000

repeats were considered significant.

Finally, aiming to investigate the clinical translation of the

imaging findings, we computed mean atrophy and MD values at

the identified cortical clusters and subcortical regions showing

significant differences across groups. Using Pearson correlation

coefficients, we then studied the association of these imaging

measures with clinical indicators within an exploratory analysis,

for which a P � .05 was considered significant.

RESULTS
The Table summarizes the demographic, clinical, and neuropsy-

chological characteristics of all participants.

A clinical decay in motor, cognitive, and neuropsychiatric in-

dicators was observed across HD stages. Patients with premanifest

HD were younger than those with manifest HD, but differences in

genetic burden across HD groups were not significant.

The Figure shows cortical thickness and intracortical MD

differences across HD groups with respect to the CN group.

Progressive cortical thinning and increasing diffusivity were

observed across HD stages. However, MD alterations were more

pronounced and more extensive than atrophic differences in all

HD groups. In the preHD group, whereas only 3 relatively small

atrophic clusters were shown (left caudal middle frontal, left in-

ferior-parietal, and right inferior-temporal), diffusivity was in-

creased in precentral, rostral middle and superior-frontal, ento-

rhinal, posterior cingulate/precuneus, superior-temporal, insula,

bankssts region, and inferior-parietal and postcentral regions. Pa-

tients with earlyHD showed widespread cortical thinning and in-

creased MD. The following regions showed cortical thinning with

the highest significance (P � .005 family-wise error): superior-

frontal/temporal-parietal, inferior-temporal/parietal, postcen-

tral, cingulate isthmus, and supramarginal gyrus. In contrast, the

most significant increases in MD were found in caudal middle

frontal, orbitofrontal, precentral, pericalcarine, cuneus, precu-

neus, and superior-temporal/-parietal regions. In particular, MD

increases in the absence of Cth differences in patients with ear-

lyHD were observed in the following regions: superior-frontal

gyri, occipital and entorhinal cortices, and temporal poles. Re-

garding patients with midadvHD, because atrophy and increased

MD were widespread throughout the cerebral cortex, no further

explorations were performed.

On-line Table 1 shows volumetric and MD information in

common subcortical structures across groups.

Progressive atrophy and increasing diffusivity were observed

in most subcortical structures across CN, preHD, earlyHD, and

midadvHD groups. While these changes were most pronounced

in the striatum, other important structures such as the thalamus,

hippocampus, and amygdala were also involved. Similar signifi-

Clinical and demographic information across groupsa

CN HD PreHD EarlyHD MidadvHD P Value
No. 25 39 15 16 8
Age (yr) 38.6 � 9.4 47.8 � 13.6 37.8 � 10.9 55.0 � 11.8 52.3 � 10.4 .004,b .81,c �.001,d .57e

Female sex (%) 36% 69% 80% 56% 75% .01, .01 , .16, .37
Education (yr) 12.1 � 1.9 13.4 � 5.7 16.4 � 3.2 11.1 � 5.2 12.5 � 6.5 .24, �.001, .002, .61
CAG length NA 43.1 � 2.9 43.1 � 2.9 42.6 � 2.9 43.8 � 2.9 NA, NA, .59, .31
DBSf NA 339.6 � 105.3 273.3 � 108.9 364.5 � 78.2 414.4 � 78.1 NA, NA, .01, .15
Estimated yr to onsetg NA NA 15.8 � 7.8 NA NA
TFC NA 11.3 � 3.0 12.9 � 0.2 12.1 � 0.9 6.4 � 3.5 NA, NA, .004, �.001,
UHDRS-TMS NA 20.6 � 20.7 1.4 � 1.5 23.6 � 14.2 50.5 � 8.3 NA, NA, �.001, �.001,
UHDRS-Cogscore NA 220.6 � 112.8 323.9 � 48.4 189.4 � 66.1 65.8 � 60.2 NA, NA, �.001, �.001,
Apathy scoreh NA 4.9 � 5.3 2.5 � 3.7 4.6 � 5.4 9.8 � 4.7 NA, NA, � .2, .03
FAS NA 28.5 � 17.3 43.6 � 12.4 22.7 � 12.3 9.7 � 6.4 NA, NA, �.001, .01
SDMT NA 35.1 � 20.1 54.7 � 8.4 27.7 � 12.9 9.8 � 8.1 NA, NA, �.001, .001
Semantic fluency NA 16.4 � 7.0 23.0 � 4.2 14.3 � 3.5 7.1 � 3.3 NA, NA, �.001, .001
Stroop Color NA 51.6 � 28.9 75.5 � 20.6 44.3 � 17.8 16.8 � 19.5 NA, NA, �.001, .01
Stroop Word NA 71.9 � 34.5 99.2 � 19.1 68.1 � 21.7 22.0 � 22.4 NA, NA, �.001, .001
TMT (parts B-A) NA �4.6 � 8.0 0.3 � 0.7 �3.6 � 5.1 �17.6 � 8.5 NA, NA, .008, .004
TMT cognitive flexibility NA 1.5 � 1.4 1.1 � 1.1 2.0 � 1.4 1.0 � 1.4 NA, NA, .07, .15

Note:—NA indicates not available; TFC, Total Functional Capacity; TMS, Total Motor Score; Cogscore, Cognitive Score; FAS, F-A-S test of verbal fluency.
a Values are expressed as mean � standard deviation.
b CN vs HD.
c CN vs preHD.
d PreHD vs earlyHD.
e EarlyHD vs midadvHD.
f DBS � 9.
g Derived from 10.
h Derived from 23.
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cant differences were found across groups in terms of subcortical

volumetric and MD measures. Patients with preHD showed lower

subcortical volumes than CN in all the regions considered. They

also showed increased MD in all these regions except in the palli-

dum, left amygdala, right accumbens, and right thalamus. Pa-

tients with earlyHD showed lower subcortical volumes than those

with preHD except for the left accumbens, bilateral amygdala, and

bilateral thalamus and hippocampus; and subcortical diffusivity

was increased in the striatum and left thalamus.

Finally, On-line Table 2 illustrates a set of exploratory corre-

lations between imaging indicators and clinical information

within the preHD and earlyHD groups. CN and midadvHD were

not considered in this analysis due to missing information and

massive atrophic and clinical deterioration, respectively. In On-

line Table 3, these correlations were controlled for caudate atro-

phy to identify independent contributions of cortical degenera-

tion to clinical indicators.

Diffusivity abnormalities showed good correlations with pre-

clinical indicators of disease progression (DBS, estimated years to

onset) and also with motor, cognitive, and neuropsychiatric sta-

tus. Volumetric and Cth degeneration showed a much lower

number of significant associations with clinical indicators, espe-

cially within the preHD group. Topographically, clinical-imaging

associations were not restricted to frontostriatal territories. Even

after controlling for caudate atrophy, significant clinical-imaging

correlations were found in a large number of frontotemporo-

parieto-occipital clusters and extrastriatal subcortical regions (eg,

thalamus, hippocampus).

DISCUSSION
In this work, we characterized cortical microstructural changes

across Huntington disease stages using intracortical diffusivity, a

promising image-derived indicator of early neurodegeneration

within the cerebral cortex. We found

that clinical deterioration in this popu-

lation concurred with progressive corti-

cal thinning and increases in diffusivity.

Additionally, as expected, concomitant

subcortical impairment along disease

stages was also revealed by both imaging

modalities.

Of particular note among our find-

ings was the widespread increase in in-

tracortical diffusivity that was already

evidenced in individuals with premani-

fest HD with respect to the control

group, even in regions with preserved

cortical thickness. This imaging indica-

tor has been suggested to reflect an in-

cipient neural loss within the cerebral

cortex.4 Most important, MD values at

the identified cortical regions correlated

with inherent markers of disease pro-

gression (DBS, estimated years to onset)

and with motor and cognitive measures.

From an imaging perspective, because

cortical thinning was not detected in

most of these regions, these results suggest that intracortical MD

may outperform Cth at tracking early cortical neurodegeneration

in HD. In addition, because both subcortical MD and volumetric

information appropriately characterized disease progression in

our sample, MD indicators show the potential for use in clinical

trials. Furthermore, the fact that we observed a substantial cortical

compromise in patients with earlyHD strongly suggests that future

neuroimaging studies should look beyond subcortical alterations be-

cause analyses only restricted to those regions (such as14-16) may

overlook some important contributions of cortical degeneration in

the HD phenotype.

From a clinical point of view, identifying early cortical and

subcortical degeneration beyond frontostriatal territories might

contribute to a better understanding of clinical manifestations in

HD. We observed an association between cognitive performance

(UHDRS-Cognitive Score, Stroop, and SDMT) and imaging in-

dicators in key brain regions such as the entorhinal cortex, precu-

neus, and hippocampus. Most important, the compromise of

these key brain regions was previously evidenced in the neuroim-

aging analyses. These results suggest that even in early disease

stages, the ongoing neurodegeneration in HD impacts important

brain circuitry beyond frontostriatal areas. In this vein, this early

cortical microstructural compromise probably leads to functional

connectivity or white matter abnormalities, which have been pre-

viously related to clinical manifestations in HD.17-19 Taken to-

gether, our findings reinforce the need to consider HD as a whole-

brain neurodegenerative disease even from its early stages, as

evidenced by the diffuse cortical damage observed in individuals

with premanifest HD. Most interesting, early cortical deteriora-

tion may underlie the onset of cognitive and neuropsychiatric

symptoms in HD.

From a biologic perspective, a first point to note is that we did

not find imaging evidence of neuroinflammation in HD because

FIGURE. Differences in intracortical MD and cortical thickness across HD stages with respect to
CN, using age, sex, and education as covariates of no interest (P � .05 family-wise error).
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no brain region showed a decrease in cortical diffusivity.20,21 Nev-

ertheless, the specific pathologic mechanisms responsible for

early cortical damage in HD need further assessment. In this con-

text, PET imaging using mutant huntingtin tracers could help to

disentangle whether this abnormal protein aggregates and dam-

ages the cerebral cortex or whether cortical deterioration is driven

by a parallel and partially independent pathologic pathway.22

The main strength of this study is the use of a multimodal

surface-based imaging approach that includes PVC-MD assess-

ment, a promising indicator of early cortical degeneration. Addi-

tionally, we were able to characterize the clinical-imaging contin-

uum of a well-characterized HD sample.

The study has 2 main limitations, the first of which is the

relatively low number of patients and a control group that lacked

a detailed cognitive assessment. The second limitation is that

cross-sectionality and exploratory clinical-imaging correlations

could hinder the interpretation of our results.

CONCLUSIONS
The early widespread increase in diffusivity within the cerebral

cortex of patients with HD correlated with clinical indicators of

disease progression. Our results provide further evidence of con-

comitant corticostriatal degeneration in HD, which contributes

to our understanding of its phenotype and may have clinical and

therapeutic implications.
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